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Abstract
Many organs and structures formed during the embryonic morphogenesis of animals derive
from epithelia. Epithelia are made up of apicobasally polarized cells which adhere to
and communicate with each other, allowing for epithelial integrity and plasticity. During
embryonic morphogenesis, epithelia change their shape and migrate in a coordinated
manner. How these epithelial processes are regulated is still not fully understood.
In a forward genetic screen using the embryo of the fruit fly Drosophila melanogaster ,
candidate genes influencing the morphogenesis of epithelial structures were identified. Three
genes, CG17364, CG17362 and CG9040 were identified as possible regulators of lumen
stability in the salivary glands, tubular organs deriving from the embryonic epithelium.
Furthermore, the gene Cdep was found to play a crucial role in epithelial sheet migration
during dorsal closure of the embryo.
Embryos carrying genomic insertions that could affect the expression of CG17364,
CG17362 and CG9040 show a luminal penotype of the embryonic salivary glands characterized
by alternating bloated and seemingly closed sections. Therefore, one of these genes or a
combination of them likely plays a role in stabilizing the salivary gland lumen. However,
neither CG17364 nor CG17362 or CG9040 contain any known protein domains, hence their
molecular roles remain unknown.
Cdep (Chondrocyte-derived ezrin-like protein) is a member of the FERM-FA subclass
of proteins. Proteins of the FERM family have been shown to interact with the plasma
membrane and membrane-bound proteins as well as cytoskeleton components. Accordingly,
they have been implicated in stabilizing the cell cortex, and some of them are involved in
signal transduction mechanisms. In addition to a FERM domain, Cdep also contains a
RhoGEF domain, although is still not clear whether it actually exerts GEF activity.
Genomic insertions in the Cdep locus cause defects in embryonic dorsal closure and
atypical migratory behaviour in epithelial tubes. In order to study the molecular role of
Cdep, the CRISPR/Cas9 system was employed to establish loss-of-function mutants of
Cdep. The mutants show aberrations in germ band retraction, dorsal closure and head
involution. Moreover, I found that two mutants carrying a premature STOP codon in the
Cdep ORF, CdepE16X and CdepG17X , rescue the defects observed in embryonic cuticles
mutant for two other FERM-FA members yurt (yrt) and coracle (cora). A deletion of the
full Cdep ORF did not rescue those defects. I hypothesize that CdepE16X and CdepG17X
encode Cdep variants with increased activity, which compensates for the loss of yrt or cora
function, respectively. In conclusion, this leads to a model in which Cdep acts in parallel
to Yrt and Cora during Drosophila embryonic morphogenesis.
Many of the defects described in this study are reminiscent of phenotypes found in
embryos mutant for components and downstream effectors of the Jun-N-terminal Kinase
(JNK) pathway. Hence, my work supports an earlier hypothesis according to which a mouse
homologue of Cdep, Farp2, acts as an upstream activator of the JNK pathway during
epithelial cell migration in vitro (Miyamoto et al., 2003). The data provided here shows
that Cdep plays a role in the morphogenesis of a great number of epithelia-derived organs
and structures in vivo. My study therefore elucidates a missing link between cell migration
cues and JNK pathway activation.
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1
1 Introduction
In order to study morphogenetic processes in animal development, Drosophila melanogaster
has been chosen as a model system for this thesis. D.melanogaster is well-established in
the lab and its genetics are relatively simple. Many genetic tools are available, it is easy to
keep and produces a lot of offspring. Its embryogenesis is accomplished within 24 hours,
allowing for the collection of results in a short amount of time.
Epithelia constitute a great model system to study the regulation of morphogenetic
processes during embryogenesis, since they can be easily observed and develop in a highly
stereotypical fashion. Furthermore, aberrations in embryonic morphogenesis are often
clearly reflected in phenotypes affecting epithelia and the organs deriving from them.
1.1 Epithelial cell polarity
Like in all metazoans that produce offspring by sexual reproduction, the development of
Drosophila melanogaster starts with a single cell, the zygote. This cell must undergo a
large number of complex changes to bring forth a fully-developed embryo: Cells must
divide and organize themselves into tissues, which have to move in a coordinated fashion
to form organs. This process requires the cells to keep in close contact with each other
while remaining able to rearrange. These requirements are met in epithelia, whose foremost
characteristic is their apicobasal polarity. (Gumbiner, 1992; Knust, 1996; Knust and Leptin,
1996; Schöck and Perrimon, 2002). Correct polarity is a prerequisite for proper epithelial
cell adhesion, tissue function and organogenesis (Knust, 1994; Müller and Bossinger, 2003;
Pocha and Knust, 2013; Roignot et al., 2013).
1.1.1 Cellularization and formation of the primary epithelium
The first step during Drosophila embryonic morphogenesis is to establish the blastoderm
epithelium, the first epithelium from which all other organs and tissues will derive.
The development of Drosophila melanogaster begins with a number of divisions of the
zygotic nucleus, resulting in a syncytium, a single cell containing multiple nuclei. About
5,000 of those nuclei move to the cell periphery, where the blastoderm epithelium is formed,
a process called cellularization (Figure 1.1 a, c-e) (Rabinowitz, 1941; Turner and Mahowald,
1976). During cellularization, membrane from the embryo surface invaginates, forming
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furrow canals (FC) around all nuclei in the periphery. The FCs advance until they have
passed the nuclei, whereupon they expand to fully envelop the nuclei. Hence, a single layer
of cells surrounding the embryo, the blastoderm epithelium, is formed (Royou et al., 2004).
During cellularization, key molecules in stereotypical positions of the syncytium membrane
act as cues for the establishment of cell polarity and cell-cell junctions (Figure 1.1 b and
Section 1.1.1.1) (Mavrakis et al., 2009). In the mature epithelium, adherens junctions (AJs)
form a barrier between apical and basolateral polarity complexes. Furthermore, AJs link
the cytoskeleton of neighboring cells, allowing the epithelium to act as a physical entity.
This property is crucial for coordinated epithelial movement.
Figure 1.1: Schematic representation of Drosophila
cellularization, adapted from Lecuit (2004). a:
Preblastoderm Drosophila embryo. Only a few nuclei
(orange) are represented at the embryo periphery.
The nuclei in the embryo center are yolk nuclei.
b: Dorsal view of syncytial membrane with future
apical (magenta) and basolateral (grey) membrane
regions. c: Detail of the beginning invagination of
surface membrane between two nuclei (grey triangle).
d: Establishment of the furrow canal (FC); the
invaginating membrane takes the basolateral membrane
markers along. e: After the FC has passed the
nucleus, it widens to meet FCs from neighboring cells
and complete compartmentalization of the primary
epithelium. Adherens junctions (AJ), a prerequisite
for apicobasal polarity, are being established.
1.1.1.1 Establishment of epithelial polarity and adhesion
For an epithelium to carry out its barrier function and to act as the basic unit for
morphogenetic processes, it has to be properly polarized. Therefore, the network of cell
polarity determinants must be created during cellularization and maintained throughout
the life of the animal. Molecules involved in apicobasal cell polarity and cell-cell adhesion
influence and regulate each other, and some are crucial for the accomplishment of
morphogenetic processes (see below). The cues for apicobasal polarity of the primary
epithelium are already present in the plasma membrane of the syncytium (Figure 1.1 b).
The membrane above each nucleus possesses apical characteristics whereas in between
nuclei, the future basolateral membrane contains basolateral markers and the cell adhesion
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protein DE-cadherin (DE-cad, encoded by shotgun, shg) (Mavrakis et al., 2009; Bhat
et al., 1999). During invagination of the FC, these markers act as cues to build up the
full apicobasal polarity network (Mavrakis et al., 2009). Bazooka (Baz, Drosophila Par3)
accumulates at the apical cell pole and recruits DE-cad into preliminary sport AJs (Knust,
2002; Harris and Peifer, 2004). Baz also enables the apical localization of Par6 and atypical
Protein Kinase C (aPKC) (Cheeks et al., 2004; Harris and Peifer, 2005). Together, Baz,
aPKC and Par6 form the apical Par complex (Knust, 2002; Tepass, 2012; Chen and Zhang,
2013). Baz recruits Stardust (Sdt, Drosophila Pals1) to the apical domain (Krahn et al.,
2010). Baz is then phosphorylated by aPKC, allowing Sdt to dissociate from the complex
and bind the apical determinat Crumbs (Crb) instead (Krahn et al., 2010). Par6 and
aPKC can also interact with and bind to the Crb complex, which results in Baz being
located slightly more basally at the AJs (Tepass and Knust, 1993; Bachmann et al., 2001;
Roh et al., 2002; Wang et al., 2004; Kempkens et al., 2006). Eventually, the Crb complex
contains Crb, Sdt and the Sdt interactor Pals1-associated tight junction protein (Patj)
(Figure 1.2) (Tepass and Knust, 1993). This complex is localized in the subapical region
(SAR) directly underneath the apical cell membrane. The Par complex consisting of Baz,
Par6, aPKC and the GTPase Cdc42 can also be found in the in the SAR. Immediately
basally to the SAR, the AJs are localized (Figure 1.2) (Knust, 2002).
Crb enables the assembly of belt-like AJs during Drosophila gastrulation (Tepass and
Hartenstein, 1994; Tepass, 1996; Grawe et al., 1996; Bilder et al., 2003). All AJs of one
cell form the zonula adherens (ZA), a belt surrounding the cell basally to the SAR. Crb
regulates ZA assembly by interaction with the spectrin cytoskeleton via direct binding to the
FERM-domain protein Moesin (Moe) (Médina et al., 2002; Wei et al., 2015). Furthermore,
the Membrane-associated guanylate kinase (MAGUK) Lethal giant larvae (Lgl) at the
basolateral membrane domain functionally interacts with Crb, suppressing its activity
basolaterally to ensure proper AJ localization (Tanentzapf and Tepass, 2003).
1.1.2 The epithelial polarity network
Several protein complexes ensure the maintenance of apicobasal epithelial cell polarity
(Figure 1.2). Mutual antagonism between apical and basolateral protein networks ensures
that apical determinants do not overflow into basal regions and vice versa (Bilder et al.,
2003). The foremost apical polarity complexes are: 1) the Crb complex containing the
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transmembrane protein Crb, its direct interactor Sdt and Patj, which binds to Sdt (Tepass
and Knust, 1993; Bachmann et al., 2001; Roh et al., 2002; Bulgakova et al., 2008), and
2) the Par complex with Baz, Par6 and aPKC (Knust, 2002; Wodarz et al., 2000; Huynh
et al., 2001; Petronczki and Knoblich, 2001; Benton and St Johnston, 2003a; Tepass, 2012;
Chen and Zhang, 2013). At the basolateral membrane, the Scribble (Scrib) complex is
found, containing the PDZ (PSD-95, Discs large and ZO-1) proteins Scrib and Discs large
(Dlg), as well as Lgl (Bilder et al., 2000; Bilder and Perrimon, 2000). A protein complex
associated with the basolateral septate junctions (SJs) contains two FERM proteins, Yurt
(Yrt) and Coracle (Cora) and the transmembrane protein Neurexin-IV (NrxIV) (Laprise
et al., 2009).
Figure 1.2: Schematic representation of cell polarity markers
in Drosophila, adapted from Knust (2002). In the subapical
region (SAR), just below the apical cell pole, the Cumbs complex
consisting of the transmembrane protein Crumbs (Crb), its binding
partner Stardust (Sdt) and the Sdt interactor Patj can be found.
This complex defines the apical membrane region. Another apical
protein complex is the Par-complex, with the Drosophila Par3
homologue Bazooka (Baz), atypical Protein Kinase C (aPKC) and
its regulatory subunit Par6 as well as the GTPase Cdc42. The
adherens junctions (AJ) mark the boundary between apical and
basolateral regions in the cell. At the septate junctions (SJ) the
basolateral Lgl-complex is locaized. It hosts the proteins Lethal
giant larvae (Lgl), Discs Large (Dlg) and Scribble (Scrib). The
transmembrane protein Neurexin IV (Nrx-IV) is also localized at
the SJ. Its cytoplasmic domain is bound by the FERM domain
protein Coracle (Cora) which in turn interacts with another FERM
domain protein, Yurt (Yrt).
At the SAR, the serin-threonine kinase aPKC phosphorylates Lgl to release its membrane
association, thereby excluding it from the apical cell pole (Wodarz et al., 2000; Suzuki
et al., 2001; Betschinger et al., 2003; Hutterer et al., 2004). aPKC is also necessary for
AJ maintenance. It regulates interactions between microtubules and AJs, as well as
endocytotic DE-cad internalization; both processes are crucial for AJ stability (Harris
and Tepass, 2008; Harris and Peifer, 2007; Georgiou et al., 2008). Par1, a basolateral
kinase, phosphorylates Baz to exclude it from the basolateral domain and promote its
affiliation with the apical Crb complex (Shulman et al., 2000; Benton and St Johnston,
2003b). Crb represses Scrib activity in the apical region of the cell whereas Scrib influences
Crb endocytosis, a process required for maintenance of Crb levels at the apical membrane
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(Bilder et al., 2003; de Vreede et al., 2014; Lu and Bilder, 2005). Some members of the
FERM protein superfamily have emerged to be involved in cell polarity. The SJ components
Yrt and Cora negatively regulate Crb during organ formation in the Drosophila embryo,
maintaining correct apicobasal polarity (Laprise et al., 2006, 2009). In late-stage embryos,
Yrt is recruited to the apical cell pole where it directly interacts with Crb via the FERM
domain binding motif (FDBM) in the intracellular domain of Crb. Yrt limits Crb activity,
thereby restricting apical membrane growth in different epithelia-derived tissues such as
the adult photoreceptor cells and the dorsal trunk of the larval trachea (Laprise et al., 2006,
2009, 2010; Gamblin et al., 2014). Furthermore, Yrt and aPKC reciprocally antagonize
each other (Gamblin et al., 2014). Yrt is phosphorylated by aPKC, neutralizing Yrt activity
at the apical membrane, while Yrt inhibits aPKC-mediated signalling to reduce apical
membrane growth (Gamblin et al., 2014). Yrt and Cora are also involved in morphogenetic
processes during Drosophila embryogenesis, albeit it has not been established yet whether
this function is dependent on their role in apicobasal cell polarity (Hoover and Bryant,
2002; Laprise et al., 2006, 2009; Gamblin et al., 2014).
1.1.3 Cell-cell adhesion
Cell-cell adhesion within epithelia is a prerequisite for proper morphogenesis, as they allow
the epithelial cells to move in a coordinated fashion and to communicate with each other.
Insect epithelia have two kinds of intercellular junctions: The AJs, which form the ZA
around the apical portion of the cell, and the SJs, which lie more basally (Figure 1.3).
While the AJs have more mechanical functions, the SJs mainly act as a molecular barrier.
1.1.3.1 Adherens junctions
The core molecules of AJs are DE-cad and α-catenin (α-cat) as well as β-cat/ Armadillo
(Arm) (Takeichi, 1988; Oda et al., 1994, 1993; Peifer, 1993, 1995). DE-cad is a homophilic
transmembrane adhesion protein whose extracellular domain links neighboring cells (Kemler,
1993; Tepass et al., 1996). The cytoplasmic domain of DE-cad binds to β-cat which in
turn binds α-cat (Kemler, 1993; Nagafuchi et al., 1994). α-cat links the AJ to the actin
cytoskeleton (Yamada et al., 2005; Desai et al., 2013; Chen et al., 2015).
AJs link the plasma membrane with the cytoskeleton, allowing cytoskeletal movements
to result in cell shape changes (Munjal and Lecuit, 2014). Furthermore, AJs distribute
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physical forces among the entire tissue by mechanically linking the cytoskeleton of all cells.
Consequentially, AJs are instrumental in tissue movement and tissue remodeling processes
(Borghi et al., 2012; Munjal and Lecuit, 2014).
1.1.3.2 Septate junctions
SJs are situated at the basolateral membrane in insect epithelia (Lane and Skaer, 1980).
Their core components are claudins, transmembrane proteins spanning the membrane four
times and engage in homo-and heterophilic interactions both within the same cell and
with claudins from neighboring cells (Furuse et al., 1999; Behr et al., 2003; Wu et al.,
2004; Nelson et al., 2010). The SJs mainly serve as a barrier for paracellular transport of
molecules (Baumgartner et al., 1996).
Figure 1.3: Schematic representation of cell adhesions
in Drosophila, adapted from Knust (2002). Below the
subapical region (SAR) the adherens junctions (AJ)
mark the boundary between apical and basolateral
regions in the cell. Cell-cell adhesion in AJs is
achieved by the transmembrane protein DE-cadherin.
DE-cadherins from neighboring cells interact with each
other. The AJs are linked to the cytoskeleton via β-cat/
Arm and α-cat. In this way, AJs link the cytoskeleton
beyond cell borders, enabling a tissue to act as a physical
entity. At the septate junctions (SJ), cell-cell adhesion is
carried out via claudins. They interact with each other
both within the same cell and between neighboring cells.
The SJs mainly act as chemical borders to regulate
paracellular molecular transport.
1.2 Epithelial movements in Drosophila embryonic
morphogenesis
In the previous sections it has been established how epithelial polarity is set up and
maintained, and how epithelial cells are enabled to move in a coordinated fashion. The
epithelial movements in the Drosophila embryo studied in this thesis will be introduced
here. One example is the formation of epithelial tubes, i.e. during the development of the
larval salivary glands (SGs), tracheae and malpighian tubules. Coordinated migration of
epithelial sheets on the other hand an be observed during dorsal closure (DC) and head
involution (HI).
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1.2.1 Epithelial tube formation during Drosophila embryogenesis
Three examples for epthelial tubes - the SGs, tracheae and Malpighian tubules - are of
importance in this thesis. An overview over their respective morphogeneses is given in
Figure 1.4 and the morphogenesis of the SGs will be described as an example. While the
SGs and Malpighian tubules are simple, branchless tubes, the tracheae form a complex
tubular network. However, the morphogenesis of all three organs starts with placodes, a
group of specialized cells. While the tracheal and SG placodes derive from the embryonic
epidermis, the Malpighian tubules are derivatives of the hindgut. In all cases, tubulogenesis
happens in three steps: 1) Invagination of the placode cells, 2) elongation and migration of
the tube, and 3) establishment of a stable lumen. In the tracheae, tubes from neighboring
segments have to fuse before the lumen is stabilized.
The larval SGs of Drosophila melanogaster develop via invagination of two epithelial
placodes. Their cells will form the secretory tubes of the SGs. After invagination is
finished, the tubes migrate to their final position in the body cavity. The last step in the
morphogenesis of the larval SG in Drosophila melanogaster is the expansion of the lumen.
The expansion and maintenance of the lumen diameter likely requires the deposition of an
aECM around the luminal circumference (Abrams, 2006). For this, apical protein secretion
is necessary. However, hardly anything is known about the establishment of the aECM in
the Drosophila SG.
1.2.2 Coordinated migration of epithelial sheets during Drosophila
embryogenesis
The coordinated movement of epithelial sheets in the Drosophila embryo can be observed
during germ band retraction (GBR), dorsal closure (DC) and head involution (HI; Figure
1.5). All three require tight intercellular contacts mediated by AJs, intact cell polarity and
remodeling of cytoskeletal components (Gorfinkiel and Arias, 2007; Houssin et al., 2015;
Bertet et al., 2004; Campbell et al., 2009; Simone and DiNardo, 2010). The processes
during DC will be described as an example.
After gastrulation and organogenesis are finished, the embryo has a dorsal opening
covered by the amnioserosa (AS), a transient tissue made of flat cells. The dorsal opening
is subsequently closed via the dorsalwards movement of the lateral epidermis during DC.
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a: Schematic overview over
tracheal development in the
Drosophila embryo, modified
from http://www.sdbonline.org/
sites/fly/atlas/1819.htm. T1
marks the first thoracic semgment,
A8 marks the last abdominal
segment. During stage 11, the
tracheal placodes invaginate. In
stage 12, each unit, called tracheal
metamere, starts branching.
During consectutive stages, the
branches elongate and migrate
and branches from neighboring
metameres fuse.
b: Schematic overview over
salivary gland development in
the Drosophila embryo, modified
from http://www.sdbonline.
org/sites/fly/atlas/3031.htm
During stage 11, the SG placodes
invaginate. In stage 12, the tube
elongates and migrates. At stage
15, the SG secretory tubes have
reached their final place in the
embryo.
c: Schematic overview over
malpighian tubule development in
the Drosophila embryo, modified
from http://www.sdbonline.
org/sites/fly/atlas/3031.htm.
During stage 11, the malpighian
tubules (mt, yellow) bud from
the hindgut primordium (hg,
blue). In consecutive stages the
four tubes elongate and migrate
to their stereotypical position.
Abbreviations: (mg) midgut, (fg)
foregut.
Figure 1.4: Schematic overview over morphogenesis of tubular organs in the Drosophila
embryo. All embryos are anterior left, dorsal up. The developmental stage is given in the top
left corner.
It starts with the assembly of a supracellular actomyosin cable in the dorsal-most row of
cells, the leading edge (LE) cells. The cable runs around the immediate border of the
dorsal hole and is thought to aid dorsal closure by a ratchet-like contraction mechanism
carried out by actin and myosin (Kiehart et al., 2000; Solon et al., 2009). The LE cells also
extend actin-based filopodia contacting the AS (Jacinto et al., 2000). These filopodia aid
in the first contact made by LE cells from opposite sides of the dorsal hole. The AS cells
exhibit pulsed actomyosin contractions which are instrumental for DC (Blanchard et al.,
2010). Final closure is accomplished by pulling the cell sheets together via the filopodia
and establishing new AJs at the novel contact points. (Jacinto et al., 2000; Millard and
Martin, 2008; Choi et al., 2011). In embryos mutant for the FERM domain proteins Yrt
and Cora, a dorsal hole remains, although it is not clear which molecular mechanisms cause
these defects. It is also unknown whether the role of Yrt and Cora in cell polarity plays a
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role in these defects (Hoover and Bryant, 2002; Laprise et al., 2006, 2009; Gamblin et al.,
2014).
Figure 1.5: Schematic overview over germ band
retraction, dorsal closure and head involution in
chronological order from top to bottom. The embryonic
stages are marked in the upper left corner of every
embryo. Anterior to the left; stage 13 and 15 are in
dorsal view, all others in lateral view. Blue arrows mark
direction of tissue movement. The germ band (green)
is fully extended in stage 11 and retracts during stage
12. Retraction is finished in stage 13 and leaves a dorsal
hole covered by the amnioserosa (grey). The hole is
closed in stages 13 through 16 by dorsal migration of
the lateral epidermis. Simultaneously, the dorsal ridge
(magenta) moves over the head segments (yellow) which
are becoming internalized via head involution. After
all morphogenetic tissue movements are finished, the
internalized head segments secrete the head skeleton
(dashed line, yellow).
1.2.2.1 FERM domain proteins in epithelial migration
Throughout this introduction, FERM domain proteins have been mentioned as key players
in epithelial cell polarity and epithelial migration. In the forward genetic screen carried out
for this thesis, another member of the FERM group of proteins, Cdep (Chondrocyte-derived
ezrin-like protein), emerged as a regulator of morphogenetic processes in the Drosophila
embryo. It will be introduced in the following Section along with the aformentioned Yrt
and Cora.
The FERM (Band 4.1, Ezrin, Radixin, Moesin) superfamily of proteins mainly contains
scaffolding proteins that can interact with membrane-associated proteins, membrane lipids
and cytoskeleton components; they therefore aid in stabilizing the cell cortex. The FERM
domain can be bound by protein interactors (Tyler et al., 1979; Leto and Marchesi, 1984;
Chishti et al., 1998; Fiévet et al., 2007). The FERM proteins Yrt and Cora are components
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of the SJ and regulate apicobasal epithelial polarity (Ward et al., 1998; Lamb et al.,
1998; Hoover and Bryant, 2002; Laprise et al., 2006, 2009). They also play a role in DC
and HI (Fehon et al., 1994; Hoover and Bryant, 2002). Both belong to the FERM-FA
subclass. Proteins from this subclass have an additional domain immediately C-terminal
to their FERM domain, termed FERM-adjacent (FA). The FA domain seems to be a
phosphorylation target for negative regulation of protein activity (Manno et al., 2005;
Baines, 2006).
Embryos homozygous for a yrt loss-of-function mutant fail to accomplish GBR, DC and
HI (Hoover and Bryant, 2002). In those embryos, the AS degenerates, which could be one
of the reasons for the observed defects, since the AS plays a mechanical role in GBR and
DC (Hoover and Bryant, 2002; Lynch et al., 2013, 2014; Blanchard et al., 2010).
Cora function is essential for the formation and integrity of SJs and the completion of
DC and HI (Ward et al., 1998; Lamb et al., 1998; Genova and Fehon, 2003; Paul et al.,
2003; Laprise et al., 2010). In cuticle preparations from embryos mutant for either yrt or
cora, the head skeleton is often misformed or missing and anterior holes can be observed
(Hoover and Bryant, 2002; Fehon et al., 1994; Ward et al., 1998). Embryos mutant for
cora also show defects in the salivary gland, reflected by necrotic remnants of this organ in
cuticle preparations (Lamb et al., 1998). Morphological defects in embryos caused by loss
of cora function can be rescued by expression of only its FERM domain (Ward et al., 2001).
However, while the mechanism of Yrt and Cora function in cell polarity has been relatively
well-studied (Section 1.1.2), not much is known about how they exert their function in
tissue morphogenesis.
1.2.2.2 Cdep
Drosophila Cdep, a FERM-FA protein, is the homologue of human CDEP and mouse
Farp1. CDEP has another homologue in humans, called FARP2 (also known as FRG, FIR
and PLEKHC3), which has a homologue in mouse also called Farp2. In addition to the
FERM and FA domains, Cdep and its homologues contain a Rho-GEF (Guanine-nucleotide
Exchange Factor) domain and two pleckstrin-homology (PH) domains. However, studies
on human CDEP and FARP2 and mouse Farp1 and Farp2 report contradictory results as
towards which small GTPase CDEP or Farp1/2 has GEF activity (Koyano et al., 2001;
Cheadle and Biederer, 2012; Zhuang et al., 2009; Miyamoto et al., 2003; Fukuhara et al.,
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2004; Toyofuku et al., 2005; Kubo et al., 2002). Furthermore, He et al. (2013) have found
that some highly conserved amino acid residues in other RhoGEFs are mutated in Farp1
and 2. Farp2 also assumes a tertiary structure that buries the RhoGEF domain deep
inside the protein and autoinhibits it (He et al., 2013). This would necessitate substantial
conformational changes in the protein to activate its GEF activity. Taken together, these
results suggest that Farp2 does not have direct GEF activity (He et al., 2013).
Human CDEP is highly expressed in hypertrophic chondrocytes during vertebrate bone
formation (Koyano et al., 1997, 2001). Chondrocytes produce and maintain cartilage, and
hypertrophic chondrocytes are the most mature stage of cartilage-forming cells. CDEP
has also been found to be upregulated in the human fetal brain and spleen (Koyano et al.,
1997).
Both mouse Farp homologues play a role in axon guidance in mouse embryonic development.
Axons find their way with the help of chemical cues from surrounding tissues which can
act either as attractant or repellent (for review see Tessier-Lavigne and Goodman, 1996).
Farp1 functions as an effector of Semaphorin6A (Sema6A), a repulsive axon guidance cue,
and the Sema6A receptor PlexinA4 (reviewed in Haklai-Topper et al., 2010; Zhuang et al.,
2009). Later in development, Farp1 is localized at postsynaptic membranes in mature
neurons (Cheadle and Biederer, 2012). There, it interacts with SynCAM1 (synaptogenic
adhesion molecule 1), promoting synapse formation and F-actin assembly in dendritic
spines (small, actin-rich membraneous outgrowths of neuronal dendrites) (Cheadle and
Biederer, 2012). Farp2 on the other hand binds to the Sema3A receptor PlexinA1 and
therefore acts as a Sema3A effector, resulting in the repulsion of axons from Sema3A cues
(Toyofuku et al., 2005).
Axon guidance in Drosophila is also mediated by Semaphorin cues and Plexin receptors.
Drosophila Sema-1a and Sema-1b are structurally similar to mouse Sema6A, whereas
Drosophila Sema-2a and Sema-2b are more similar to mouse Sema3A (Yazdani and Terman,
2006). Sema3A guidance cues have been implicated in the migration and differentiation of
epithelia in the mouse and human lung and in the mouse kidney, as well as in epidermal
migration in the nematode Caenorhabditis elegans (Ito et al., 2000; Becker et al., 2011;
Tufro et al., 2008; Roy et al., 2000). It is therefore possible that Drosophila Cdep mediates
epithelial migration by relaying external guidance cues.
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1.3 Mutagenesis with the CRISPR/Cas9 system
One of the objectives of this thesis was to establish loss-of-function mutants of Drosophila
Cdep. To this end, the CRISPR/Cas9-system was utilized for mutagenesis. Since it is
a relatively novel method for genetic engineering, its properties and advantages will be
introduced here.
The CRISPR/Cas9 system (clustered regularly interspaced short palindromic repeats/
CRISPR-associated) is a bacterial self-defense mechanism against viruses (Barrangou et al.,
2007). It is based on three components: the CRISPR RNA (crRNA), the trans-activting
CRISPR RNA (tracrRNA) and the endonuclease Cas9 (Figure 1.6). Part of the crRNA
anneals to the tracrRNA. The tracrRNA forms a specific structure that can be bound by
Cas9. Together, this complex mediates the silencing of invading nucleic acids. However,
potential CRISPR target sites need to contain a 5’-NGG-3’ nucleotide sequence, called
a protospacer-adjacent motif (PAM). Cas9 induces a double-strand break (DSB) three
bp upstream of the PAM, destroying the invading DNA (reviewed in Hwang et al., 2013;
Bassett et al., 2013; Jinek et al., 2012).
CRISPR/Cas9 has been simplified to be a versatile tool in genome engineering by fusing
the crRNA and tracrRNA into the short guide RNA (sgRNA, also sometimes called gRNA
or chimeric RNA, chiRNA; Figure 1.7) (Jinek et al., 2012). Furthermore, the gene encoding
Cas9 has been codon-optimized for use in eukaryotes and a nuclear localization signal has
been attached (Cong et al., 2013).
Figure 1.6: Schematic overview over the type
II CRISPR/Cas9 system from Streptococcus
pyogenes, modified from Hwang et al. (2013).
The target site (green) must be followed by
a protospacer adjacent motif (PAM, red).
The CRISPR RNA (crRNA) binds to the
target site by homologous base pairing. The
trans-activting CRISPR RNA (tracrRNA)
binds to the crRNA and forms a stereotypical
secondary structure that is recognized by the
endonuclease Cas9 (light blue). Cas9 induces
a double strand break in the DNA target
site three bp upstream of the PAM (black
triangles).
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Figure 1.7: Schematic overview over the
modified CRISPR/Cas9 system for use in
eukaryotes, modified from Hwang et al.
(2013). Represenatation of the CRISPR/Cas9
components as in Figure 1.6. The crRNA and
tracrRNA have been fused into one small guide
RNA (sgRNA) still folding into a secondary
structure that is recognized by Cas9.
The high potential of this system to serve as a tool for site-specific mutagenesis is based on
two different mechanisms that eukaryotic cells use to repair DNA DSBs: Non-homologous
end-joining (NHEJ) and homologous recombination (HR). In NHEJ, loose DNA ends are
processed before ligation, leading to the deletion or insertion (indels) of a few nucleotides
(Figure 1.8) (for review see van Gent et al., 2001). This mechanism is already a potent
tool for mutagenesis, since indels often induce frameshifts and therefore render the affected
gene non-functional (Bassett et al., 2013). During HR, the homologous strand from the
sister chromatid invades the damaged strand and serves as a template for synthesis of
the missing sequence. The experimenter can make use of this mechanism by introducing
a DNA donor of his choosing that will act as a template for homology repair. In this
way, mutagenesis can be tightly controlled and a wide range of DNA sequences can be
introduced into the genome. Furthermore, with the use of two sgRNAs simultaneously,
longer stretches of DNA can be deleted, offering a simple way to accurately delete whole
genes. Using a donor plasmid carrying a marker gene for homologous recombination in this
context allows for quick and convenient mutant screening (Figure 1.9) (Gratz et al., 2014).
Figure 1.8: Example for indels in Drosophila
white gene caused by CRISPR/Cas9-induced
mutagenesis, modified from Bassett et al.
(2013). Orange: sgRNA target site, pink:
PAM. The first sequence is WT. Lowercase
letters: inserted nucleotides, dashes: deleted
nucleotides. Sequences are from different flies
mutagenized with the same sgRNA.
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Figure 1.9: Schematic overview over strategy to replace an endogenous gene with a marker
gene via CRISPR/Cas9, modified from Gratz et al. (2014). The gene that is to be deleted is
cut out of the DNA by directing Cas9 to both ends of the coding region with two sgRNAs
(black triangles). A donor plasmid for homologous repair is provided. It carries homology
arms flanking the deleted region and a marker gene which can be used for convenient mutant
screening.
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2 Aim of My PhD Thesis Work
The aim of this thesis was to elucidate how coordinated morphogenetic processes in animals
are regulated. The Drosophila embryonic salivary gland and the process of embryonic dorsal
closure were used as model systems. In both systems, novel regulators of the embryonic
morphogenesis of Drosophila melanogaster were identified and characterized.
The gene coding for the Drosophila homologue of Chondrocyte-derived ezrin-like protein
(Cdep) was studied in order to shed light on the molecular functions of this FERM domain
protein in embryonic development. Different genetic techniques were used to characterize
the phenotypes caused by loss of Cdep function and to elucidate its role in the genetic
network regulating Drosophila melanogaster embryonic development.
The main questions addressed in this project were:
1) Which genes are involved in regulating the morphogenesis of the
Drosophila salivary glands and the process of dorsal closure?
In order to answer this question, candidate genes were mapped using Drosophila
embryos transheterozygous for partly overlapping deficiencies. The embryos were
screened for developmental defects in the salivary glands and during dorsal closure using
immunofluorescence.
2) Which defects does loss of Cdep gene function cause during Drosophila
melanogaster embryonic morphogenesis?
To address this question, loss-of-function mutants of Cdep were established
using the CRISPR/Cas9 system. The phenotypes caused by these mutations in
Drosophila melanogaster embryos and first-instar larvae were assessed using embryo
immunofluorescence, survival assays and cuticle preparations.
3) Is Cdep part of the genetic network of FERM domain scaffolding proteins?
For this, Cdep mutants were combined with mutations in two other FERM domain
proteins, yurt and coracle. The phenotypes in double-mutant embryos were studied to
draw conclusions about genetic interactions between Cdep and yurt or coracle.
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3 Preliminary Work
David Flores-Benitez, a postdoc from the Knust lab, carried out a genomic screen in
Drosophila melanogaster to find novel regulators of embryonic morphogenesis. He chose
his candidates based on a possible interaction with the cell polarity determinant Crb. The
putative Crb interactors were found in database searches using online resources.
The screen was done using Drosophila melanogaster embryos homozygous for deficiencies,
large chromosomal deletions uncovering several dozens of genes. The embryos were screened
via immunoflourescence, looking for defects in the embryonic morphogenesis of either the
salivary glands or in the process of dorsal closure. These two morphogenetic processes
were chosen as model systems for several reasons: 1) The salivary glands develop from
polarized epithelial cells that maintain their polarity through the whole developmental
process. Correct cell polarity is also required for proper secretion. 2) During salivary
gland morphogenesis, no mitosis or apoptosis takes place, which makes it a relatively
simple system to study. 3) In dorsal closure, correct epithelial morphology depending on
cell polarity and cell adhesion is crucial. 4) dorsal closure is an ideal system to study
coordinated morphogenetic movements involving a reletively large tissue, since most parts
of the lateral epidermis of the Drosophila embryo have to move in a tightly regulated,
coordinated manner.
Embryos were immunostained for Crb, Stranded-at-second (Sas) and CrebA. Sas, like
Crb, is an apical marker, whereas CrebA is specifically expressed in nuclei of secretory
salivary gland cells. Defects in the morphology of the salivary glands between stages 11
and 16 were recorded, as well as defects in the overall morphology, specifically in the lateral
epidermis and the amnioserosa during stages 13 through 16.
In agreement with D. Flores-Benitez I chose a number of those deficiency lines showing
interesting phenotypes and continued the project by mapping possible candidate genes
responsible for the observed defects.
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4 Results
4.1 A screen for novel regulators in Drosophila embryonic
morphogenesis
In animal embryonic morphogenesis, many basic processes are shared across phyla. In this
thesis, morphogenetic processes involving epithelia-derived organs and tissues are being
studied since their regulation is still not fully understood.
In order to find novel candidate genes involved in the formation of epithelia-derived
organs and epithelial migration, the embryo of Drosophila melanogaster was employed as a
model system. Chromosomal deficiencies were used to closely map genomic regions causing
phenotypes in the embryonic salivary glands (SG), an epithelial tubular organ, or during
the process of dorsal closure (DC), an example for coordinated epithelial migration.
4.1.1 Deficiencies on the left arm of chromosome 3 cause defects in SG
lumen morphology
A number of deficiencies that showed different defects in the SG were taken over from a
screen carried out by David Flores-Benitez (Figures 4.1 and 4.2). Embryos homozygous
for the deficiency of interest were stained with α-Crb, α-Sas and α-CrebA antibodies to
visualize the apical cell poles and the nuclei of the SG secretory cells, respectively. In stage
15 WT embryos, the proximal part of the SG rises up dorsally, then bends posteriorly
at approximately half its length (Figure 4.2 top). The lumen is of even width and has a
relatively small diameter. In stage 17 WT embryos, the lumen is expanded when compared
to earlier stages (Figure 4.2 top right). Some of the deficiencies studied caused the distal
tip of the SG to point ventrally instead of posterior when homozygous (Figure 4.2 middle
and bottom left). In embryos homozygous for other deficiencies, the overall shape of the
glands was irregular (Figure 4.2 middle right) or the lumen was not evenly expanded and
showed bloated portions that alternated with apparently closed parts of the lumen (Figure
4.2 bottom right). Since lumen stabilty usually requires the secretion of an aECM in
tubular organs, and apical secretion requires correct apicobasal cell polarity, this phenotype
was chosen to study epithelial integrity during Drosophila embryogenesis. Two deficiency
lines, Df(3L)ED4287 and Df(3L)ED4502, showed these luminal defects characterized by
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alternating seemingly closed and bloated parts in the SG when homozygous in Drosophila
embryos (Figure 4.3). These deficiencies lie in close proximity to each other on the left arm
of chromosome 3, but do not overlap (Figure 4.1, green bars). One or several genes deleted
by each of these deficiencies is likely responsible for the described phenotype, which will be
called "intermittent tube closure" from now on.
Figure 4.1: Overview over deficiencies used to find phenotypes that were judged to be suitable
to study Drosophila embryonic morphogenesis in the salivary glands (SGs). Coloured bars
mark deleted region of chromosome in each deficiency line. Green bars mark the deficiencies
that caused intermittent tube closure phenotypes in the SGs.
4.1.2 A locus in the overlap of two deficiencies on the right arm of
chromosome 3 causes defects in Drosophila embryonic dorsal closure
In the initial screen for novel regulators of Drosophila embryonic morphogenesis carried
out by David Flores-Benitez, two deficiencies on the right arm of chromosome 3 showed
very similar defects in Drosophila embryonic DC in homozygous embryos (Figure 4.4 b
and c). These deficiencies are called Df(3R)ED5066 and Df(3R)Exel6143 and overlap by
1.678 bp (Figure 4.5). The first question was whether the DC phenotype observed in
embryos homozygous for either deficiency is due to a locus in the overlapping region. To
address this, virgins carrying one of the deficiencies were crossed with males carrying the
other deficiency, respectively, to yield transheterozygous embryos. Their morphology was
compared to that of WT embryos as well as to embryos homozygous for Df(3R)ED5066
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Figure 4.2: Examples of salivary gland (SG)
phenotypes found in embryos homozygous for
different deficiencies, z-stacks of fluorescent
micrographs. One SG of the Drosophila
embryos is shown, dorsal is up, anterior to
the left. Apical cell poles are marked with
Crb (green) and Sas (magenta), the nuclei
of secretory SG cells are marked with CrebA
(magenta). The brightness of all mutant
micrographs has been enhanced to the same
extent to improve visibility. Left column: all
embryos are embryonic stage 15; right column:
all embryos are embryonic stage 17. The SG
lumen is clearly visible outlined in green. In
stage 15 WT embryos, the SG rises up from the
connecting duct (white triangle), then bends
posteriorly. The lumen is of even width and
small diameter. In stage 17 WT embryos, the
lumen is expanded. In some mutants, the tip
of the SG bent too far and points ventrally
(middle and bottom left). In other mutants, the
overall shape of the glands is irregular (middle
right) or the lumen is not evenly expanded
(bottom right).
Figure 4.3: Salivary gland phenotypes found
in embryos homozygous for CG17364MB01315
and CG17362MB04765. Anterior part of stage
17 embryos, dorsal up, anterior to the left.
Embryos were stained with α-Crb (green),
α-Sas and α-CrebA (both magenta). Top
left box: WT salivary gland with evenly
expanded lumen. Top right: intermittent tube
closure in the SG of embryos homozygous for
Df(3L)ED4515. Middle and bottom left: in
embryos homozygous for CG17364MB01315 or
CG17362MB04765, very similar intermittent
tube closure phenotypes can be observed as
in embryos homozygous for Df(3L)ED4515.
Middle right: Embryos transheterozygous
for CG17364MB01315 and Df(3L)ED4515 also
show intermittent tube closure in the SG.
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and Df(3R)Exel6143, respectively. All embryos were stained with α-Crb to outline all
epithelial cells. In stage 17 WT embryos, DC is finished and the epidermis completely
covers the embryo (Figure 4.4 a). All head organs have been internalized during HI. In
every segment, the chordotonal organs are visible as a group of five ellipsoids that are
elongated along the dorsoventral axis of the embryo (Figure 4.4, white triangles). Stage 17
embryos homozygous for Df(3R)ED5066 also show the chordotonal organs, although they
are misformed and not present in every segment. More notably, DC has not proceeded
beyond an initial stage. HI has not been completed, either (Figure 4.4 b, arrow). The
same is true for stage 17 embryos homozygous for Df(3R)Exel6143, although the overall
morphology seems to be less severely affected (Figure 4.4 c). Embryos transheterozygous
for Df(3R)ED5066 and Df(3R)Exel6143 showed a very similar phenotype as was observed
for homozygous embryos for either deficiency (Figure 4.4 d). It did not matter which
deficiency was carried by which parent. In the example shown, GBR has not finished, and
DC and HI were not accomplished, either. No amnioserosa is present, which results in
parts of the hindgut emerging from the dorsal hole. Some of the segments splay out in an
anterior-posterior direction at the leading edge, whereas others are bunched to an extend
that excludes them from the leading edge. From this it can be concluded that one or
several of the genes whose ORFs are affected by both Df(3R)ED5066 and Df(3R)Exel6143
causes a GBR, DC and HI defect in Drosophila melanogaster embryos.
The SG and DC phenotypes mentioned in this section were studied further by mapping
the genes causing the observed defects and attempting to characterize the molecular roles
of the proteins they encode.
4.2 Two uncharacterized genes regulate SG lumen diameter in
Drosophila embryos
4.2.1 Mutations in two uncharacterized genes on chromosome 3 cause
intermittent tube closure in the Drosophila SG
In order to map the genes responsible for the intermittent tube closure phenotype,
smaller deficiencies were aquired from the Bloomington Drosophila Stock Center (BDSC).
Those smaller deficiencies deleted some of the genes uncovered by Df(3L)ED4287 and
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Figure 4.4: Dorsal closure phenotype in embryos homozygous and transheterozygous for
Df(3R)ED5066 and Df(3R)Exel6143, z-stacks of fluorescent micrographs. a: In WT stage
17 embryos, dorsal closure and head involution have finished, the epidermis covers the whole
embryo. In each segment the chordotonal organs are visible (triangles), which were used as
a mark for stage 17 in mutant embryos. b: In Df(3R)ED5066 embryos, dorsal closure has
not finished by stage 17 and the amnioserosa is absent. Some of the segments splay out in
an anterior-posterior direction at the leading edge (bar). The head organs have not been
internalized (arrow). c: Df(3R)Exel6143 embryos have a more regular overall morphology, albeit
dorsal closure has not finished. d: In stage 17 embryos transheterozygous for Df(3R)ED5066
and Df(3R)Exel6143, the phenotype is similar as seen in Df(3R)ED5066 or Df(3R)Exel6143
homozygous embryos, respectively. Dorsal closure has not finished and the dorsal hole is not
covered by the amnioserosa, so parts of the gut are visible (asterisk). Some of the segments
splay out in an anterior-posterior direction at the leading edge (bar), whereas others are
bunched to an extend that excludes them from the leading edge (diamond). The head organs
have not been internalized (arrow).
Figure 4.5: Localization of Df(3R)ED5066 and Df(3R)Exel6143 in the Drosophila genome.
These two deficiencies overlap by 1,678 bp.
Df(3L)ED4502. The smaller deficiency Df(3L)ED4284 affects 35 genes also affected in
Df(3L)ED4287 (Figure 4.6 a), whereas Df(3L)ED4515 deletes nine genes uncovered by
Df(3L)ED4502 (Figure 4.6 b). An overview over genes expressed during embryogenesis
and uncovered by Df(3L)ED4284 and Df(3L)ED4515 is given in Table 4.1.
For the genes listed in Table 4.1, mutant lines were aquired from BDSC, if available.
Usually, those mutant lines carried a P-element or Minos insertion within the gene’s
open reading frame (ORF). For the same genes, a database search was carried out on
flybase.org to find available expression data. The expression data for CG17362 and
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Figure 4.6: Overlap of Df(3L)ED4284 with Df(3L)ED4287 (a) and Df(3L)ED4515 with
Df(3L)ED4502 (b) and genes affected by both deficiencies.
CG9040 showed that both genes are highly expressed toward the end of embryogenesis.
Expression data sorted by organ showed that both genes are also highly and exclusively
expressed in the SG of third instar larvae. There was no detailed expression data available
for embryonic organs and tissues. Since the time of CG17362 and CG9040 expression
peaks coincides with SG lumen expansion, these two genes were chosen as candidates that
could influence SG lumen morphology. However, only two mutant lines carrying Minos
insertions that might affect the expression of CG17362 and CG9040 were available, namely
CG17364MB01315 and CG17362MB04765 (Figure 4.7). Both CG17362 and CG9040 are
located on the plus-strand of chromosome 3, within the open reading frame of CG17364
which is located on the minus-strand. Therefore, an insertion in CG17364 that lies upstream
of CG17362 and CG9040 could influence their expression. When embryos homozygous for
either CG17364MB01315 or CG17362MB04765 were stained for Crb, Sas and CrebA, the SGs
showed a very similar intermittent tube closure phenotype that was also observed in embryos
homozygous for Df(3L)ED4515. The same was true for embryos transheterozygous for
CG17364MB01315 and Df(3L)ED4515. The fly line carrying CG17362MB04765 only became
available late during the project and could therefore not be crossed with Df(3L)ED4515.
Taken together, these results indicate that CG17362 or CG9040 or CG17364 or possibly a
combination of these genes play a role in SG lumen formation or stability.
4.2.2 CG17362/ CG9040/ CG17364 play a role in the maintenance of SG
lumen width after lumen expansion
The question that arose when studying the intermittent tube closure phenotype was whether
the SG lumen in CG17362MB04765 and CG17364MB01315 embryos did not expand properly
Two uncharacterized genes regulate SG lumen diameter in Drosophila embryos 25
Figure 4.7: Localization of the genomic insertions CG17364MB01315 and CG17362MB04765
on the left arm of the third chromosome of Drosophila melanogaster . CG17362 and CG9040
are located on the plus-strand of chromosome 3, within the open reading frame of CG17364,
which is located on the minus-strand. CG17364MB01315 could affect the expression of CG17362
and/ or CG9040 since it is located upstream of their coding sequences. The Minos insertion
CG17362MB04765 is also located upstream of the coding regions of CG17362 and CG9040,
albeit closer to the transcription start site of CG17362 than CG17364MB01315.
during stage 17 or whether it initially expanded, but subsequently collapsed in some places.
It is notable that during SG development, the apical cell poles of the secretory cells do not
come in contact with each other, there is always a small lumen. In order to answer the
question at hand, embryos transheterozygous for CG17364MB01315 and Df(3L)ED4515 were
collected. The lumen width in all stages of SG development after invagination was assessed.
In WT stage 13 embryos, the secretory tubes of the SGs have turned and started migrating
towards the posterior pole of the embryo (Figure 4.8 top row). The lumen is relatively
narrow. By stage 14, the SG tubes have reached their final position in the embryo. In
stage 15, the lumen expands slightly. Full expansion of the SG lumen is reached in stage
17 WT embryos. Embryos transheterozygous for CG17364MB01315 and Df(3L)ED4515 did
not show any differences to WT embryos in respect to the morphology of the SG lumen up
until stage 17. Only in stage 17, the intermittent tube closure phenotype arose (Figure
4.8 bottom row). Therefore, the lumen collapses during or after its final expansion. This
hints at the possibility that CG17362/ CG9040/ CG17364 play a role either in SG lumen
expansion itself or in the stabilization of the lumen diameter after expansion.
4.2.3 CG17362 is exclusively expressed in the embryonic SG
Next, it was asked whether CG17362, CG9040 and/ or CG17364 might also regulate lumen
diameter in other tubular organs. To quickly assess this question, probes for mRNA in situ
hybridization were made. Fixed embryos of a different range of developmental stages after
the beginning of organogenesis were stained. Even though two different probes were made
for the mRNA of each of the three genes, only the probe for CG17362 resulted in a signal.
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Table 4.1: Genes expressed during Drosophila embryogenesis and affected in Df(3L)ED4284
and Df(3L)ED4515
gene name/
CG no.
expression∗ gene ontology∗ mutant?/
tested?
Df(3L)ED4284
Patj 0-6 hpf† , also SG; ubiquitous
in adults
binds aPKC; AJ organization, cell
polarity
y/y
α-Spectrin 6-24 hpf, ubiqiutous in adults actin-binding; links
transmembrane proteins to
actin-cytoskeleton
y/y
Rap1 0-12 hpf, ubiquitous in adults GTPase; cell adhesion, cell
migration, neuroblast division and
polarity
y/y
CG12025 early pupal stages not known n/n
CG13924 early larval stages not known n/n
CG12024 0-12 hpf, larvae, pupae, adults Ubiquitin system component n/n
CNMa 12-24 hpf, larvae, pupae,
adults
neuropeptide hormone, G-coupled
receptor signalling pathway
n/n
GV1 pupal period DNA binding y/y
CG42676 all times not known n/n
JTBR 0-12 hpf, larvae, pupae, adults integral membrane component y/y
dre4 0-12 hpf, adult ovary Component of FACT complex;
activates transcription elongation
y/y
Df(3L)ED4515
CG32137 18-24 hpf, also embryonic SG,
ubiquitous in adults
neuron projection morphogenesis y/y
CG17362 larval SG not known y/y
CG9040 larval SG not known y/y
Meics 0-6 hpf, adult female transcription factor n/n
ssp2 0-12 hpf, adult female mitotic spindle elongation y/y
Nxf 3 not known mRNA export from nucleus n/n
CG13738 12-24 hpf not known n/n
CG17364 18-24 hpf, larvae, pupae,
adults
GTP binding; microtubule-based
process
y/y
CG17361 0-12 + 18-24 hpf, adult
female
zinc and DNA or RNA binding n/n
CG17359 0-6 hpf, adult female zinc and DNA or RNA binding n/n
Nprl3 0-6 hpf, adult female TORC1 signalling n/n
upSET embryo, pupae, adult female zinc ion binding y/y
ptip 0-12 hpf, adult female transcription factor binding;
histone methylation
y/y
endos 0-12 hpf, pupae, adult female sulfonylurea receptor binding;
mitotic spindle organization
n/n
CG6650 0-6 hpf, also SG; larvae,
pupae, adults
phosphotransferase; carbohydrate
metabolism
y/y
∗ gene expression and gene ontology data was obtained from flybase.org
† all specifications of hpf (hours post fertilization) refer to gene expression peaks in Drosophila embryos.
CG17362 was detected strongly and exclusively in the secretory tubes of the SGs (Figure
4.9). In late stages, after the tracheae had filled with air, the signal was also detectable in
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Figure 4.8: In embryos transheterozygous for CG17364MB01315 and Df(3L)ED4515, the
salivary gland lumen collapses during stage 17. Anterior part of embryos, dorsal up, anterior
to the left. Embryos were stained with α-Crb (green), α-Sas and α-CrebA (both magenta). In
all stages after complete invagination of the salivary gland, the secretory salivary gland lumen
has a normal, even width (stages 13 through 15). Only after lumen expansion in stage 17, the
intermittent tube closure phenotype becomes apparent (white triangles). The inset shows a
2.5 ×blowup of the boxed area, the CrebA signal has been darkened to enhance visibility of
the lumen.
Figure 4.9: In situ staining of CG17362 mRNA in WT embryos, Brightfield micrographs.
dorsal up, anterior to the left. In stage 14, the SGs have reached their final position in the
embryo. The pharynx (ph) and hindgut (hg) are discernible. CG17362 mRNA is detected in
the cytoplasm of secretory SG cells (inset). The same is true for stage 17 embryos. (dt) dorsal
trunk, (fk) filzkörper, (st) stomodeum.
the tracheal system. This was also the case for the non-binding negative control probe.
I therefore assume that the probe enters the trachea during the hybridization step, but
cannot be washed out again subsequently.
I conclude that CG17362 is exclusively expressed in the secretory cells of the embryonic
SG.
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4.2.4 CG17362 and CG9040 do not contain known protein domains and are
only conserved in Drosophilidae
In order to elucidate possible molecular functions of CG17362 and CG9040, a database
search using the protein sequences was carried out. Protein sequences were obtained from
www.uniprot.org on 24/08/2015. The UniProt identifiers used were Q9VUB0 for CG17362
and Q8MQZ5 for CG9040. The gene CG17362 is predicted to code for a protein of 153 aa
length whereas CG9040 is predicted to code for a 175 aa long protein. The SMART tool
does not predict any conserved domains for either CG17362 or CG9040. Submitting the
protein sequences to HMMTOP turned out a prediction of no transmembrane domains or
signal peptides. When searching for putative interactors for both proteins on STRING,
some proteins expressed in the SG of late third-instar larvae come up. Most of these proteins
are predicted to play a role in glue secretion to attach the pupa to the substrate (Table 4.2).
All of those putative interactions are predicted based on coexpression data. STRING does
not predict any interactors for CG17364. When carrying out a protein BLAST alignment
for all three predicted proteins, all hits with a sequence coverage above 80 % and an identity
of 30 % or more are uncharacterized proteins from Drosophila melanogaster and other
Drosophilidae. Based on this data it was judged that elucidating the role of CG17362,
CG9040 and CG17364 would not enhance our knowledge about morphogenetic processes
in animals in general. Therefore, the project was discontinued.
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Table 4.2: Putative interactors of CG17362 and CG9040 proteins, predicted by STRING
database
gene name/
CG no.
expression∗ genomic
locus
gene ontology∗
CG17362
new glue 1 3rd instar wandering larvae
SG
3C10 pupal adhesion
new glue 2 3rd instar wandering larvae
SG
3C10 pupal adhesion
Pre-intermoult
gene 1
3rd instar wandering larvae
SG
3C10 unknown
Mucin 68Ca 3rd instar wandering larvae
SG
68C15 ECM structural
constituent
CG14265 3rd instar wandering larvae
SG
3C10 unknown
CG17134 3rd instar wandering larvae
SG
68C15 proteolysis
CG13460 3rd instar wandering larvae
SG
71B2 unknown
CG14852 3rd instar wandering larvae
SG and imaginal discs
88C6 unknown
CG8087 3rd instar wandering larvae
SG and imaginal discs
88C6 unknown
CG9040
new glue 3 3rd instar wandering larvae
SG
3C10 pupal adhesion
Mucin 68Ca 3rd instar wandering larvae
SG
68C15 ECM structural
constituent
Ecdysone-induced
gene 71Ee
3rd instar wandering larvae
SG, imaginal discs and CNS
71E5 pupal adhesion,
heamolymph
coagulation
PHD finger
protein 7 ortholog
3rd instar wandering larvae
imaginal discs
19B3 - 19C1 histone binding, zinc
ion binding
Salivary gland
secretion 4
3rd instar wandering larvae
SG, digestive system, fat
body, imaginal discs, CNS
3C10 pupal adhesion
CG14265 3rd instar wandering larvae
SG
3C10 unknown
CG12310 3rd instar wandering larvae
SG
71B2 unknown
∗ gene expression and gene ontology data was obtained from flybase.org
† all specifications of hpf (hours post fertilization) refer to gene expression peaks in Drosophila embryos.
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4.3 Loss of Cdep causes different defects in Drosophila
embryonic morphogenesis
4.3.1 Insertions in the ORF of Cdep cause defects in DC and HI
In order to find out which gene located in the overlap of Df(3R)ED5066 and Df(3R)Exel6143
(Figure 4.10) causes the defects observed during DC and HI, insertion mutants were ordered
for the three protein-coding genes likely affected by both deletions. Those genes are called
Cdep, Ubc6 (also known as UbcD6 ) and CG14661. Two non-protein-coding genes also lie in
the overlap, CR45188 and snRNA:U1:82Eb. Their role was not assessed further. At the time
that these experiments were carried out, no mutant line was available for CG14661. Two
insertion lines were available for Cdep, PBac{5HPw+}CdepB122 and Mi{MIC}CdepMI00496
(Figure 4.11). For Ubc6, there were also two insertion lines, P{EPgy2}Ubc6EY 04634 and
Mi{MIC}Ubc6MI02360. While embryos homozygous for either insertion in Ubc6 showed
no apparent defects (data not shown), embryos homozygous for either PBac{5HPw+}
CdepB122 or Mi{MIC}CdepMI00496 showed defects that were very similar to those oberved
in embryos homozygous or transheterozygous for Df(3R)ED5066 and Df(3R)Exel6143. In
PBac{5HPw+}CdepB122 and Mi{MIC}CdepMI00496 embryos, DC seemed to be arrested,
resulting in a dorsal hole in stage 17 embryos (Figure 4.12 d and e). In the same embryos,
head organs were still on the outside of the embryo, leading to the conclusion that HI does
not take place in those mutants (Figure 4.12 d and data not shown). Homozygous Mi{MIC}
CdepMI00496 animals did not survive until adulthood. There were some homozygous adult
escapers for PBac{5HPw+}CdepB122, albeit they were too weak to keep as a homozygous
stock. PBac{5HPw+}CdepB122 and Mi{MIC}CdepMI00496 animals were crossed with each
other (Figure 4.12 f) and with animals carrying either deficiency (data not shown) to yield
transheterozygous embryos. This was done to show that the observed defects were not
due to a background mutation elsewhere in the genome. Indeed, both the DC and the HI
defects recurred in embryos transheterozygous for PBac{5HPw+}CdepB122 and Mi{MIC}
CdepMI00496 (Figure 4.12 f).
From this data, it can be concluded that Cdep plays a role in morphogenetic processes
during Drosophila embryogenesis.
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Figure 4.10: Overlap between Df(3R)ED5066 and Df(3R)Exel6143 with genes likely affected
by both deletions.
Figure 4.11: Overview over the Cdep locus with insertion sites of PBac{5HPw+}CdepB122
and Mi{MIC}CdepMI00496. Only two of the Cdep isoforms are shown, which are almost
identical (see text). PBac{5HPw+}CdepB122 carries a P-element insertion before the last two
exons whereas Mi{MIC}CdepMI00496 carries a Minos insertion right before the last exon.
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Figure 4.12: Dorsal closure phenotypes in embryos homozygous or transheterozygous for PBac
{5HPw+}CdepB122 and Mi{MIC}CdepMI00496, z-stacks of fluorescent micrographs. Drosophila
embryos stained with α-Crb, anterior to the left, dorsal up. a: In stage 14 WT embryos, DC
is in progress. The dorsal hole is transiently covered by the amnioserosa (AS). b: In stage
17 embryos, when DC is finished, the epidermis covers the whole embryo. This includes the
head organs that have been internalized during head involution, which happens in parallel
to DC. c: Embryos transheterozygous for Df(3R)ED5066 and Df(3R)Exel6143 show defects
in DC characterized by a dorsal hole. Since the dorsal hole is not covered by the AS, parts
of the gut are visible (asterisk). Head involution is also defective, resulting in external
head organs (arrow). d: Embryos homozygous for PBac{5HPw+}CdepB122 show the same
defects seen in Df(3R)ED5066/ Df(3R)Exel6143 transheterozygous embryos. e: Embryo
homozygous for Mi{MIC}CdepMI00496 also show defects in DC and head involution (defect in
head involution not shown here due to frame of micrograph) f: Embryos transheterozygous
for PBac{5HPw+}CdepB122 and Mi{MIC}CdepMI00496 show the same defects that can be
observed in Df(3R)ED5066/ Df(3R)Exel6143 transheterozygous embryos.
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Figure 4.13: Overview over the Cdep locus. Information about exons and introns as well as
the predicted isoforms was retrieved from www.flybase.org in May 2013. There are three
predicted splice variants of Cdep. All of them contain exons 2 through 8 (yellow), which code
for the FERM and FERM-adjacent domain (FA) of Cdep. In Cdep-RF, exon 8 has 3 additional
base pairs at its 5’ end. Only splice variants Cdep-RE and RF contain exons 15 through 17
(green), which code for the RhoGEF and PH domains. Splice variant Cdep-RG has two large
exons that do not code for any known conserved protein domains (magenta). Cdep-RC only
contains the exons coding for the FERM and FA domains.
Figure 4.14: Defects in leading edge (LE) cells in embryos transheterozygous for PBac
{5HPw+}CdepB122 and Mi{MIC}CdepMI00496, z-stacks of fluorescent micrographs. Embryos
stained with α-Crb and α-Sas. anterior to the left, dorsal up. a: During stage 13, LE cells
of WT embryos elongate in a dorsal-ventral direction and extend filopodia that contact the
amnioserosa (white triangles). b: During stage 14, the LE becomes straight in WT embryos.
LE cells mostly have the same width and are parallel to each other. c, d: In stage 16 and
17 PBac{5HPw+}CdepB122/ Mi{MIC}CdepMI00496 transheterozygous embryos, dorsal closure
has not finished. LE cells are not elongated and of very uneven width, some splaying out along
the anterior-posterior axis (white asterisks). There are hardly any filopodia visible (white
triangles).
Cdep lies on the right arm of the third chromosome of Drosophila melanogaster . The
locus is about 35 kb long and has been predicted to encode four protein isoforms: Cdep-PE,
Cdep-PF, Cdep-PG and Cdep-PC (Figure 4.13). The mRNAs of Cdep-RE and RF only
differ by 3 bp at the 5’-end of exon 8. All predicted isoforms share the same N-terminus
containing a FERM domain and a FA domain. Only predicted isoforms PE and PF also
contain a RhoGEF domain and two PH domains. The mRNA encoding Cdep-PG contains
two long exons that do not encode any known conserved protein domains. Since only
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Cdep-PE and PF are predicted to contain all protein domains, they will be the main focus
of this thesis.
4.3.2 Embryos transheterozygous for PBac{5HPw+}CdepB122 and Mi{MIC}
CdepMI00496 show defects in the LE during DC
In order to find out what might cause the defects in DC, the LE cells were observed more
closely. Embryos transheterozygous for PBac{5HPw+}CdepB122 and Mi{MIC}CdepMI00496
were stained with α-Sas and α-Crb. Sas is localized in the apical membrane and the
filopodia extended by the LE cells. In stage 13 WT embryos, the LE is not yet perfectly
straight. However, the LE cells already start elongating along the dorsoventral axis and
extend filopodia that make contact with the AS (Figure 4.14 a, white triangles). The
LE becomes straight during stage 14, the LE cells are elongated and evenly distributed
(Figure 4.14 c). In embryos transheterozygous for PBac{5HPw+}CdepB122 and Mi{MIC}
CdepMI00496, the dorsal hole is never closed (Figure 4.12). When taking a closer look at
the LE in those embryos, it becomes obvious that the LE cells are not properly elongated
(Figure 4.14 b and d). They are of different width and some of them splay out in an
anterior-posterior direction (Figure 4.14 d, asterisks). There is also a much smaller number
of filopodia and they do not extend as far as seen in WT (Figure 4.14 b and d, triangles).
Taken together, these results show that the insertions PBac{5HPw+}CdepB122 and
Mi{MIC}CdepMI00496 cause defects in DC and failures in LE cell elongation and extension
of filopodia.
4.3.3 Insertions in the ORF of Cdep cause defects in tracheal and Malpighian
tubule morphogenesis
The defects in DC and head involution caused by the insertions PBac{5HPw+}CdepB122
and Mi{MIC}CdepMI00496 could be due to the role of Cdep in a general process that is
important for embryonic morphogenesis of epithelial structures. If this is the case, other
epithelia-derived organs could also be affected by these mutations. To find out whether
this was the case, stage 17 embryos were stained with α-Crb and the morphology of the
trachea, SGs and Malpighian tubules was assessed (Figure 4.15).
In WT stage 17 embryos, the trachea are fully developed. All tracheal metameres have
formed branches that fused with each other in a stereotypical manner. Most notably, the
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dorsal trunk forms a continuous tube that is connected to the exterior at the anterior and
posterior spiracles (Figure 4.15 a; spiracles not shown). The SGs have reached their final
position in the embryo, rising from their contact point in the larval mouth first dorsally,
then bending posteriorly (Figure 4.15 b). The anterior Malpighian tubules have evaginated
from the hindgut, loop forward into the thoracic region and then bend to point posteriorly
(Figure 4.15 b, b’). Stage 17 embryos transheterozygous for PBac{5HPw+}CdepB122 and
Mi{MIC}CdepMI00496 showed defects in the morphogenesis of the trachea and Malpighian
tubules (Figure 4.15 c and d) The branches of tracheal metameres were very short and had
often not fused. Therefore, the dorsal trunk was not continuous (Figure 4.15 c’ and d’,
triangles). The anterior Malpighian tubules did not reach their final position, although
they formed a loop (Figure 4.15 c” and d”). However, the secretory tubes of the SGs
showed a near-WT morphology (Figure 4.15 e and e’).
Thus, in addition to impairing DC and HI, PBac{5HPw+}CdepB122 and Mi{MIC}
CdepMI00496 also affect the morphogenesis of the trachea and Malpighian tubules in the
Drosophila embryo.
4.3.4 The CRISPR/Cas9 system was used to generate loss-of-function
mutants of Cdep
The insertions PBac{5HPw+}CdepB122 and Mi{MIC}CdepMI00496 are located in the intron
before the second-to-last and last exon of Cdep, respectively (Figure 4.5). It is therefore
possible that the insertions affect the splicing of the Cdep mRNA. However, they might
also disturb distal regulatory elements for another gene. Taking these possibilities into
account, it became necessary to create loss-of-function (LOF) mutants of Cdep in order to
identify its true function. For this, the CRISPR/Cas9 system was used for two different
mutagenetic approaches: A full deletion of the Cdep ORF was created by replacing the
Cdep locus with a DsRed gene under the control of an eye-specific promoter. Since the
success of this approach could not be estimated beforehand, an easier way of mutagenizing
Cdep was carried out in parallel. In this attempt, an in-frame stop codon was inserted
shortly after the start codon of Cdep. In the latter approach, only 13 out of 120 embryos
injected with the CRISPR components survived to adulthood. The progeny of two of them
screened positive for the novel BglII restriciton site that was inserted alongside with the
stop codon (see Materials and Methods). Surprisingly, sequencing of the positive progeny
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Figure 4.15: Defects in the trachea and Malpighian tubules in embryos transheterozygous
for PBac{5HPw+}CdepB122 and Mi{MIC}CdepMI00496, z-stacks of fluorescent micrographs.
Embryos stained with α-Crb, anterior is to the left, dorsal up. All embryos are stage 17. a: In
WT stage 17 embryos, the trachea are fully developed. Most notably, the dorsal trunk (DT)
forms a continuous tube that is connected to the exterior at the posterior spiracles (not visible
here, optical slices not included in z-stack). b: The secretory part of the salivary glands (SG)
lies in the ventral anterior part of the embryo. It has a bent shape and its tip points posteriorly.
The anterior Malpighian tubules, one of which is visible here (box and b’) have evaginated from
the hindgut and loop forward into the thoracic region. The tip points posteriorly. c and d:
Stage 17 embryos transheterozygous for PBac{5HPw+}CdepB122 and Mi{MIC}CdepMI00496
show defects in the morphogenesis of the trachea and Malpighian tubules (the boxed regions in
c and d are enlarged in c’,c”, d’ and d”). The tracheal metameres have not joined and therefore
the dorsal trunk is not continuous (c’ and d’, triangles). The anterior Malpighian tubules do
not reach their full length, although they form a loop (c” and d”). The secretory tubes of the
salivary glands show a near-WT morphology.
revealed two different Cdep alleles. In one of them, codon 16, originally coding for Glutamic
acid, is replaced by a stop codon. This allele was called CdepE16X . In the other allele,
Glycine in position 17 is replaced by a stop; it was called CdepG17X . It is notable that
CdepG17X originated from an incomplete insertion of the donor DNA that was used to create
the in-frame stop codon. The attempt to replace the complete Cdep locus with DsRed
under control of an eye-specific promoter was also successful. Out of about 200 injected
embryos, 87 survived to adulthood. The progeny of three of them screened positive for
DsRed expression in the adult eyes after crossing out the nos::Cas9 transgene on the first
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chromosome (see Materials and Methods). The correct replacement of Cdep with DsRed
was confirmed by sequencing. The deletion begins 37 bp downstream of the Cdep start
codon and includes all coding exons. It expands to 8 bp upstream of the 3’UTR of Cdep.
The complete genotype of the established deletion allele is Cdep∆,attP,loxP,3xP 3::DsRed,loxP .
It will be called Cdep∆ from now on. It is of interest to mention that all Cdep LOF mutants
mentioned here can be kept as homozygous stocks. Figure 4.16 gives an overview over the
Cdep alleles described in this section.
Figure 4.16: Overview over Cdep alelles created with the CRISPR/Cas9 system. a: Scheme
of how Cdep∆ was created. Black triangles mark the cut sites for Cas9. A plasmid encoding
DsRed under control of the 3xP3 promoter was used for homology repair, which yielded the
sequence shown on the bottom. b: Sequences immediately following the transcription start
sites of CdepE16X and CdepG17X . The part of the sequences that is still translated into protein
is set in bold typeface. While in CdepE16X , the BglII restriction site used for screening (see
Materials and Methods) is downstream of the stop codon, it is upstream of the stop codon in
CdepG17X . In CdepG17X , only part of the insert used to introduce the stop codon was inserted
due to unknown reasons. The part that was inserted lacks the stop codon, but includes the
BglII restriction site. By coincidence, a stop codon is formed of the last Thymine of the BglII
restriction site and the endogenous Guanine and Adenine nucleotides that follow it.
4.3.5 LOF mutants of Cdep show a variety of phenotypes
In order to investigate the morphological defects caused by Cdep LOF mutants, embryos
homozygous for CdepE16X , CdepG17X and Cdep∆ were fixed and stained with DAPI. In
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general, all statements made are true for CdepE16X , CdepG17X and Cdep∆, unless stated
otherwise. The three genotypes will be collectively referred to as Cdep−/−.
When looking at the DAPI-stained Cdep−/− embryos, it became immediately apparent
that a lot of embryos had obvious morphological defects. The defects ranged from
irregularities in the body segments over missing body parts (usually the head), to an
entirely diverged morphology that caused embryos to dissolve into several pieces (Figure
4.17). At a low magnification, a high number of such pieces could be observed, probably
originating from embryos that have fallen apart during the fixation process. Even though
the observed defects were quite severe, a relatively large number of embryos also showed
a WT-like morphology. In order to find the percentage of WT-like embryos, all embryos
and pieces were counted; each piece was counted as one aberrant embryo since it could
not be retraced which pieces belonged together. In case of CdepE16X and Cdep∆, more
than 70 % of the units counted were WT-like embryos, whereas for CdepG17X , this was the
case for about 50 % of the counted units (Figure 4.18). However, the embryos appearing
to have a WT-like morphology in this approach could have milder morphological defects
which could not be observed under these experimental conditions. The ratio of embryos
affected by loss of Cdep function was also reflected in the ratio of larvae that hatch. In
WT, about 86% of larvae had hatched from eggs incubated for 36 h at 25 ◦C. Under the
same conditions, about 60% of CdepE16X larvae hatched, 49 % hatched from Cdep∆ eggs
and only 33 % from CdepG17X eggs (Figure 4.19). Altogether, these results show that LOF
mutants of Cdep cause morphologigal defects of varying severity in Drosophila embryos.
4.3.6 LOF mutants of Cdep cause denticle belt defects and ventral holes in
Drosophila larval cuticles
In order to draw conclusions about the possible function of Cdep, the morphological defects
caused by its loss of function needed to be characterized in more detail. For this, milder
phenotypes had to be analyzed, as grossly affected embryos showed too many different
features. It was assumed that embryos with less severe phenotypes would reach a late
stage of embryogenesis, when the larval cuticle is secreted. Since the cuticle is secreted
by the epidermis, it reflects morphological features of the epidermis. Therefore, preparing
larval cuticles from Cdep−/− embryos and larvae was considered a straightforward way to
get an overview over less severe Cdep−/− phenotypes.
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Figure 4.17: Overview over morphological defects in Cdep alelles, fluorescent micrographs.
Embryos stained with DAPI. Stage 10 and 13 WT embryos are in dorsal view, anterior to
the left. All other WT embryos are dorsal up, anterior to the left. Cdep−/− embryos are
depicted with their presumed anterior pole to the left, dorsoventral orientation is arbitrary.
a: Different stages of WT embryos stained with DAPI. The body segments are discernible.
The dorsal hole is visible as a dark grey area. b-e: Cdep−/− embryos show a variety of
phenotypes. The embryo in b seems to be at an early stage, as no body segments are visible.
However, the morphology is abnormal. c: This embryo has apparently suffered an arrest in
germ band retraction and it shows multiple other defects. d: Germ band retraction seems to be
arrested. The tissue normally forming the head has mostly dissolved. e: This embryo has no
discernible morphological features and appears to be breaking into several pieces. f: Overview
over DAPI-stained WT embryos at a low magnification, stitched fluorescent micrograph. One
piece probably originating from a dissolved embryo is visible (triangle). g: Overview over
DAPI-stained Cdep−/− embryos at a low magnification, stitched fluorescent micrograph. A
relatively high number of pieces can be observed. They were likely caused by embryos dissolving
during fixation due to severe morphological defects as seen in e.
Figure 4.18: Plotted ratio of Cdep−/− embryos showing morphological defects. Light grey
represents the percentage of embryos showing a noticable morphological defect in DAPI
stainings (see also Figure 4.17). Dark grey represents the percentage of embryos not showing
any observable defects. The total number of embryos counted per genotype (n) is given behind
each bar.
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Figure 4.19: Ploted ratio of Cdep−/− larvae hatching from eggs. Light grey represents the
percentage of eggs not yielding larva after an incubation period of 36 h at 25 ◦C. Dark grey
represents the percentage of empty egg shells found on the substrate. The total number of laid
eggs (n) is given behind each bar.
WT embryonic and larval cuticle preparations clearly show the head skeleton, which has
a fishhook-shaped appearance from a lateral view and the shape of a long, narrow "V" from
a ventral or dorsal view (Figure 4.20 a, b and f). Eight denticle belts are discernible on the
ventral side of the cuticle. At the dorsal-posterior pole, the filzkörper with the posterior
spiracles are clearly evident. Two different features became immediately apparent when
observing cuticles from Cdep−/− embryos: In more severely affected specimens, anterior
holes were visible in the cuticle, leading to the assumption that these embryos had no
head. The holes could be rather large, including big parts of the ventral side of the cuticle
as well. In less severe cases, denticle belts were fused and defects in the head skeleton
could be noticed. Some of the larvae that had hatched also showed fused denticle belts
or belts that were only present in about one half of the ventral cuticle. In these cases it
was especially noticable that the belts were not simply cut off, but formed tips towards
the ventral midline. When several neighboring denticle belts were only half-formed on the
same side of the cuticle, their medial-directed ends seemed to converge towards one point
on the midline (Figure 4.20 h). When this was the case, the larva had a shortened, kinked
appearance when compared to WT.
When counting the number of embryonic and larval cuticles affected by the aforementioned
defects, it turned out that the maximum percentage of cuticles with affected morphologies
was 14%. This number was found for cuticles from CdepE16X embryos and larvae (Figure
4.21). In Cdep∆ cuticles, 12% showed defects, whereas only 7% of CdepG17X cuticles showed
an abnormality, the same number as was found in WT cuticles. However, in WT cuticles
the most abundant abnormality was that the embryos were still surrounded by a vitelline
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membrane, meaning that the larvae had not hatched, albeit the cuticle showed a WT-like
phenotype. In Cdep−/− cutcicle preparations, the most abundant phenotypes were those
described above and depicted in 4.20. Furthermore, as shown above, only about 50 % of
CdepG17X embryos showed a WT-like morphology in DAPI stainings. One can therefore
assume that only a small portion of CdepG17X embryos even develop far enough to secret
a cuticle.
In summary, Cdep−/− embryonic cuticles show anterior holes and defects in the head
skeleton. Some Cdep−/− larval cuticles display fused denticle belts, which leads to a
shortened, kinked body. This confirms the earlier hypothesis that Cdep plays a role during
morphogenetic processes involving epithelia in Drosophila embryogenesis.
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Figure 4.20: Morphological defects observed in cuticles of Cdep−/− embryos and larvae,
darkfield micrographs. Brightness and contrast has been enhanced to improve visibility.
Embryonic cuticles (a-e) are surrounded by the vitelline membrane and are anterior to the
left. Larval cuticles (g-h) are anterior up. a: Cuticles of WT embryos, ventral view. In the
upper image, the forked head skeleton (hs) is visible at the anterior pole. In the lower image,
the eight denticle belts (db, numbered) are visible. b: Cuticles of WT embryos, lateral view.
In the upper image, the hs is visible at the anterior pole, the filzkörper with the posterior
spiracles (ps) can be seen at the posterior pole. In the lower image, the eight db are visible on
the ventral side of the embryo. c: Cuticle of Cdep−/− embryo in ventral view. The distances
between the db are irregular, two of them contact each other (triangle). c’: 2×blowup of the
anterior pole of the cuticle in c showing defects in the hs. d: Cuticle of Cdep−/− embryo in
lateral view. At the anterior pole, a hole is apparent (asterisk). e: Cuticle of Cdep−/− embryo
in ventral view. The whole anterior-ventral part of the cuticle is missing (asterisk). f: Cuticle
of a hatched WT L1 larva in lateral view, ventral to the right. The hs, ps and the eight db are
clearly discernible. g: Cuticle of a hatched Cdep−/− larva in ventral view. The hs and ps have
a WT-like morphology. Db 2 and 3 as well as 4 and 5 have fused with each other (triangles).
h: Cuticle of a hatched Cdep−/− larva in ventral view. The WT-like hs seems to be visible
in a lateral view whereas the rest of the cuticle appears to be in a ventral orientation. Db 2
through 4 as well as 6 are only present in the left half of the cuticle (triangles). Their medial
ends seem to converge towards one point on the midline.
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Figure 4.21: Plotted ratio of embryonic and larval Cdep−/− cuticles showing morphological
defects. The phenotype called "unhatched WT-like" refers to cuticles that show no obvious
morphological defects but are still surrounded by the vitelline membrane. "Cdep-like" refers to
embryonic cuticles with denticle belt defects, mouth hook defects and/ or anterior holes that
can extend ventrally (Figure 4.20).
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4.3.7 Phenotypes in Cdep−/− mutant embryos are likely not caused by
maternal defects
Given the high number of embryos dissolving into pieces, the question arose whether
this was due to a maternal defect. It was reasoned that a defect in egg formation or
deposition of the vitelline membrane could cause the observed phenotypes. In order to
answer this question, two approaches were chosen: Ovaries were dissected from WT and
Cdep−/− females and stained with DAPI and Phalloidin to assess possible morphological
defects in the follicles. Furthermore, Cdep−/− virgins were crossed with WT males and
vice-versa, and cuticle preparations were carried out. The ovarioles and follicles of Cdep−/−
females had a WT-like appearance (Figure 4.22). When comparing the ratios of different
phenotypes seen in the cuticles of embryos from WT females and Cdep−/− males to those
of homozygous WT embryos, no marked differences occured (Figure 4.23). The same is
true for the cuticles of embryos from Cdep−/− females and WT males, with one exception:
The ratio of embryos with cuticular defects was higher when the embryos received one
CdepG17X allele from the mother and a Cdep +/+ allele from the father, when comparing
to the ratio of defects observed for the cuticles of CdepG17X homozygous embryos. This is
surprising as it hints at the possibility that CdepG17X is a dominant allele. However, the
experiment would have to be repeated several more times to allow for a definite conclusion.
These results do not completely rule out the possibility that the phenotypes observed in
Cdep−/− embryos derive from maternal defects. However, no aberrations could be found
in Cdep−/− follicles. The chorion and vitelline membrane of Cdep−/− eggs did not show
any apparent abnormalities and seemed as firm and stable as WT chorion and vitelline
membrane (not shown). Furthermore, in almost all cases the offspring of a Cdep−/− mother
and WT father did not show a different distribution of phenotypes from embryos with
reversed parental genotypes or homozygous WT embryos. It is therefore unlikely that a
maternal defect causes the full range of phenotypes observed in Cdep−/− embryos, although
there could be a small maternal contribution.
4.3.8 LOF mutants of Cdep cause segments to fuse
The fused denticle belts in Cdep−/− embryonic and larval cuticles and the kinked appearance
of some larvae raised the question whether body segments were initially not being established
Loss of Cdep causes different defects in Drosophila embryonic morphogenesis 45
Figure 4.22: Ovarioles from Cdep−/− females, z-stacks of fluorescent micrographs. Ovarioles
were stained with Phalloidin (green) and DAPI (biue). Cdep−/− ovaries have a WT-like
appearance. The egg chamber has a regular shape and is surrounded by the monolayered
follicular epithelium. Actin levels are not different from those in WT.
Figure 4.23: Plotted ratio of cuticle phenotypes from animals heterozygous for Cdep. When
the Cdep allele is mentioned first in superscript, i.e. "CdepE16X/+", it means that the Cdep
allele came from the mother. If the Cdep allele is mentioned second, as in "Cdep+/E16X", the
Cdep allele came from the father. Black represents ratio of larval cuticles that had a WT-like
appearance whereas blue represents the ratio of embryonic cuticles showing phenotypes typical
for Cdep−/− mutants. The uppermost plot shows the ratios for WT embryos and larvae. The
upper plot for each group of three shows the ratios for embryos and larvae homozygous for each
Cdep LOF allele. The second plot in each group shows the ratios for embryos and larvae from
a Cdep−/− mother and a WT father, whereas in the lowest plot for each group the parents’
genotypes are reversed. All heterozygous combinations of a Cdep allele and WT show WT-like
numbers, except for CdepG17X/+, which shows a higher number of affected cuticles than was
found for cuticles from embryos and larvae homozygous for CdepG17X .
during embryonic development or whether they were generated at first, but then disappeared
during later stages of development. In order to find out which was the case, embryos
carrying the allele DE-cad::GFP (Huang et al., 2009) combined with the Cdep−/− alleles
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were used for live imaging. In DE-cad::GFP embryos not carrying a Cdep−/− allele,
GBR progressed normally (Figure 4.24 a; Supplementary movie WT_whole). The AS
covered the dorsal hole, which was subsequently closed via DC. The embryo showed
a WT-like morphology with clearly discernible body segments. When observing the
morphogenesis of a DE-cad::GFP; Cdep−/− embryo, several defects became apparent
(Figure 4.24 b; Supplementary movie Cdep_whole). The embryo showed an irregular
morphology from the start of the experiment, when it was presumably at stage 11, judged
by the beginning of GBR. While GBR progressed, part of the amnioserosa appeared to be
attached to a posterior area of the epidermis instead of the epidermal edge. Furthermore,
the establishment of body segments could not be observed during the entire movie. However,
some segmental characteristics were present, such as tracheal metameres. When looking at
the movie in more detail, some intriguing features can be noticed: Two tracheal metameres
fused during GBR, giving rise to an X-shaped structure of dorsal and ventral branches
(Figure 4.25 b; Supplementary movie Cdep_trachea). Furthermore, a hole appeared in
the ventral epidermis, but was healed in the course of GBR (Figure 4.25 c; Supplementary
movie Cdep_ventral-hole). However, these morphological defects were not observed in
all DE-cad::GFP; Cdep−/− used for live imaging. As mentioned above (Section 4.3.5),
a number of Cdep−/− embryos showed a WT-like morphology and therefore it is not
surprising that the defects described here could only be found in some DE-cad::GFP;
Cdep−/− embryos. From this, it is reasonable to assume that body segments are initially
established in affected embryos. Some segments or parts thereof collpase during embryonic
development, causing neighboring structures to fuse.
Especially the appearance and subsequent healing of an epidermal hole, but also the
fusion of two tracheal metameres raised the question whether parts of embryonic segments
died and were replaced by neighboring tissues moving in to close the gap. This would also
explain the fusion of denticle belts described above. To answer this question, semi-thin
sections of Cdep−/− embryos were prepared and stained with methylene blue and tolouidine
blue to visualize dead tissue. In semi-thin sections of WT embryos, the yolk appears as a
mass of dark spots, all other tissues are light grey (Figure 4.26 a). Morphological features
are clearly distinguishable. In semi-thin sections of some Cdep−/− embryos a number of
dark clusters bigger than single cells were visible within body structures (Figure 4.26 b and
c). While the dark structures did not appear in regions large enough to represent whole
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segments, they often occured in body regions close to each other (Figure 4.26 b, stage
12). In a stage 7 CdepG17X embryo showing a severely affected morphology, only a small
number of dark spots was visible (Figure 4.26 c). Taken together, these results suggest
that apoptosis plays a role in the emergence of the observed phenotypes. It is possible
that cell death mainly occurs in earlier stages, causing enough damage to bring forth the
progressive morphological defects observed in later stages.
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Figure 4.24: Still frames from live imaging of Cdep−/− embryos. Time series of fluorescent
micrograph z-stacks. Areas where no epidermal cells outlined with DE-cad::GFP are visible
where caused by an unforeseen upwards shift of the microscopic stage during the imaging process.
a: DE-cad::GFP embryo. Germ band retraction begun about 100 minutes after the experiment
was started and proceeded until about 250 minutes into the experiment. Subsequently, dorsal
closure was carried out. The regular morphology of the embryo can be appreciated. The
amnioserosa is clearly visible. The edge of the epidermis abutting the amnioserosa is smooth
and regular. Segments start becoming apparent at 200 minutes and are fully established 300
minutes into the experiment. b: DE-cad::GFP; Cdep−/− embryo. Germ band retraction had
just begun when the experiment was started and finished at about 200 minutes. Dorsal closure
started, but was not quite completed at 370 minutes, when the experiment was finished. After
50 minutes, some irregularities in the morphology become apparent. The epidermal edge is
uneven. Part of the amnioserosa seems to reach over the posterior epidermis and is attached
there instead of the epidermal edge (triangle). This attachment is maintained until germ band
retraction is finished (The insets show 2 ×blowups of the boxed areas). Furthermore, the
beginning establishment of the body segments cannot be observed and the overall morphology
appears disordered. As a consequence, some defects can be seen in the trachea at 370 minutes:
a tracheal metamere in the anterior part of the embryo extends two dorsal and two ventral
branches, when it should only have one of each (arrow). Furthermore, the tracheal dorsal trunk
shows gaps (asterisk).
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Figure 4.25: Still frames of details of tracheal and epidermal defects seen in live imaging of
Cdep−/− embryos. Time series of fluorescent micrograph z-stacks. The boxed areas in a - c
are blown up in a’ - c’. The contrast in all images was enhanced for improved visibility. a’:
DE-cad::GFP embryo, showing two tracheal metameres (arrows). Two tracheal pits appear
30 minutes into the experiment. During germ band retraction, they move along with the
epidermis while they invaginate, maintaining their distance to each other. b’: DE-cad::GFP;
Cdep−/− embryo, two tracheal metameres (arrows). Two tracheal pits have been established
at the beginning of the experiment. During germ band retraction, they move along with
the epidermis while they invaginate, but also reduce the distance between them until, after
140 minutes, they have fused. At the end of the experiment, the structure originating from
these two metameres extends two dorsal and two ventral tracheal branches that form an "X"
(triangles). c’: DE-cad::GFP; Cdep−/− embryo, part of the ventral epidermis. 60 minutes into
the experiment, a ventral hole appears in the epidermis (arrow). It travels along with germ
band retraction, becoming smaller. Eventually, after 290 minutes, it is not visible anymore.
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Figure 4.26: Semi-thin sections (2 µm) of Cdep−/− embryos stained with methylene blue
and tolouidine blue. Brightfield micrographs. Anterior to the left. a: Sagittal (st 10 and 14) or
medial (st 17) section through WT embryos. In st 10, the fully extended germ band is visible.
The yolk appears as a mass of round dark spots. In stage 14, the pharynx (ph) is apparent
at the anterior end, whereas at the posterior end the hindgut (hg) is visible. In stage 17, the
stomodeum (st) can be distinguished at the anterior end. Parts of the yolk-filled midgut (mg)
can be seen. Also the posterior parts of the tracheal dorsal trunks (dt) are visible as symmetrical
structures. The epidermal segments are clearly evident. b: Two sagittal sections through a
stage 11 and two paramedial sections through a stage 12 CdepE16X embryo. In both embryos,
there are several relatively large dark spots visible in the anterior part of the embryo, in the
stage 12 embryo dark spots can also be observed in the posterior part around the retracting
germband (arrows). In the stage 11 embryo, the epidermis is damaged in the ventral posterior
part. The rounded edges of the epidermis around the breaking point implicate that this is not
due to mechanical damage of the specimen (asterisk). c: Two paramedial sections through a
stage 17 CdepG17X embryo. The embryo shows multiple morphological defects. There seem to
be no epidermal segments. However, the presence of the head skeleton, discernible by small,
spiky structures in the stomodeum, marks stage 17. Part of the posterior-lateral body, possibly
the epidermis, seems to be missing. The rounded edges of the present body parts implicate
that this is not due to mechanical damage of the specimen (asterisk). Some dark structures
appear at the anterior and posterior pole (arrows).
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4.3.9 Defects in Cdep−/− mutants are not due to actin mislocalization
The cytoskeleton component actin plays a major role in embryonic morphogenesis, since
the cell rearrangements that take place during this process rely on the reorganization of
the actin cytoskeleton. It was therefore asked whether the defects observed in Cdep−/−
mutants occured due to defects in actin localization. Embryos homozygous for Cdep−/−
were stained with α-Sas, to show the overall morphology, and Phalloidin to visualize actin.
When looking at the lateral epidermis of stage 14 WT embryos, the Sas signal outlines
the epidermal cells. Actin is localized at the cell cortex in WT epidermal cells (Figure
4.27 a and a’). In Cdep−/− embryos, Sas localization seemed to be less defined, the cell
outlines could not be distinguished as clearly as in WT (Figure 4.27 b and c). However,
actin localization was very similar to WT (Figure 4.27 b’ and c’).
Actin is also a major component of muscles. When staining stage 17 embryos with
Phalloidin, the larval muscles become clearly visible. In WT embryos, the stereotypical
muscle pattern is visible (Figure 4.28 a). While in Cdep−/− embryos the muscles contained
similar amounts of actin like in WT embryos, the pattern of the muscles was sometimes
disrupted (Figure 4.28 b and c). In some embryos only parts of the muscle pattern were
affected, while in others the pattern was completely aberrant. From these results it can
be concluded that actin is not mislocalized in epidermal cells of Cdep−/− embryos. The
aberrant muscle pattern likely reflects earlier morphological defects.
4.3.10 Cdep genetically interacts with yurt
As established in Section 4.3.6, the Cdep−/− phenotype is characterized, among other
things, by a malformation of the head skeleton or an anterior hole in the embryonic cuticle.
This phenotype was reminiscent of the yrt75a phenotype, where the head is also often
impaired. It was asked whether Cdep functionally interacts with yrt. Therefore, double
mutants of yrt75a and Cdep−/− were established. The alleles had to be recombined, since
both genes are located on the right arm of chromosome 3. Double mutants were examined
for their cuticular phenotypes.
After recombination of each Cdep allele with yrt75a, the presence of the Cdep alleles
carrying a premature stop codon was confirmed via PCR amplification of the region
around the stop codon and subsequent digestion of the PCR product with BglII, the novel
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Figure 4.27: Sas and actin staining
in the lateral epidermis of Cdep−/−
embryos, z-stacks of fluorescent
micrographs. The brightness of all
stainings was enhanced to the same
extend to improve visibility. Dorsal
up, anterior to the left. In all Sas
stainings, the insets are 2 ×blowups
of the boxed area. a and a’: Lateral
epidermis of WT embryo. Sas (a)
outlines all epidermal cells. Actin (a’)
is localized at the cell cortex. The
dark areas mark the nuclei. b - c’:
Lateral epidermis of CdepG17X and
Cdep∆ embryos. The Sas staining (b,
c) is more diffuse than in WT in some
areas (insets). Actin localization is
WT-like (b’, c’).
Figure 4.28: Actin staining in muscles of stage 17 Cdep∆ and CdepG17X embryos, z-stacks of
fluorescent micrographs. Dorsal up, anterior left in a and b, ventral view with anterior to the
left in c. a: Phalloidin-stained muscles of WT embryo. The stereotypical pattern of the larval
muscles is visible. b and c: Phalloidin-stained muscles of Cdep−/− embryos. The embryo in
b seems to have a relatively normal muscle pattern in its posterior body half. However, in the
anterior half a number of muscle fibers are missing, one fiber diverts from the visible muscles.
In the embryo depicted in c, the normal muscle pattern is severely disrupted.
restriction site inserted together with the stop codon (Figure 4.29). The presence of Cdep∆
was confirmed by the red fluorescence of the adult eyes. In order to confirm the absence
of Yrt protein from all Cdep−/−, yrt75a double mutant lines, a Western Blot was carried
out, using protein extracted from stage 12 or older embryos homozygous for the desired
alleles. The membrane was probed with α-Yrt Ab. However, several attempts to detect Yrt
Loss of Cdep causes different defects in Drosophila embryonic morphogenesis 53
even in extracts from WT embryos proved unsuccessful. Therefore, a different approach
was chosen. All yrt75a and Cdep−/−, yrt75a lines are homozygous lethal. It had to be
excluded that in the double mutants this was due to a background mutation. Therefore,
the Cdep−/−, yrt75a lines were crossed with yrt75a, reasoning that if yrt75a was present in
the double mutant, all adult offspring must keep the balancer chromosome. This was the
case, therefore it is very likely that the phenotypes observed in Cdep−/−, yrt75a double
mutants are indeed caused by the combination of the desired mutant alleles.
This is an example for a crossing scheme to test Cdep−/−, yrt75a double mutants:
 w−; ; yrt
75a
TTG × ♂ w−; ; Cdep
−, yrt75a
TTG ⇒ w
−; ; yrt
75a
Cdep−,yrt75a
(lethal)
In case of a background mutation, the genotype of the offspring would be transheterozygous
for Cdep − and yrt75a, allowing for the segregation of the balancer:
 w−; ; yrt
75a
TTG × ♂ w−; ; Cdep
−, other−
TTG ⇒ w
−; ; yrt
75a
Cdep−, other−
(viable)
Figure 4.29: Agarose gel showing products of
BglII digest of PCR product amplified from exon
2 of CdepE16X , yrt75a and CdepG17X , yrt75a.
Genomic DNA from embryos homozygous for each
allele was used as a template. The amplicon was
generated with the primer pair AM241+AM242
and has a length of 725 bp (triangle). After a BglII
digest, the amplicon is cut into two fragments of
512 and 213 bp length, respectively (arrows). The
absence of a 725 bp band for CdepE16X , yrt75a
and CdepG17X , yrt75a shows that no WT allele of
Cdep is present in either strain.
Cuticles from yrt75a embryos frequently
show a hole at the dorsal-posterior pole
(Figure 4.30 b and d). This hole often
pushes the filzkörper with the posterior
spiracles away from each other. If the hole is
too small to clearly distinguish, its presence
can still be concluded from the aberrant
appearance of the filzkörper (Figure 4.30 b).
Another characteristic yrt75a phenotype is
a defect in the head skeleton or an anterior
hole (Figure 4.30 b-d). If the latter is the
case, the head skeleton is missing entirely.
Altogether, 51 % of analyzed yrt75a cuticles showed one of these phenotypes or a combination
thereof (Figure 4.31). However, some yrt75a mutant larvae hatch, although they do not
reach adulthood. In these larvae a dorsal kink can often be observed (Figure 4.30 e). This
was the case for 13 % of the examined yrt75a animals. When recombining the yrt75a with
Cdep−/−, a surprising finding was made. In cuticles from embryos and larvae homozygous
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for CdepE16X , yrt75a and CdepG17X , yrt75a no more yrt-like phenotypes were observed
(Figure 4.31). In fact, no more phenotypes seen in CdepE16X and CdepG17X mutants were
observed, either. This is especially noticeable when comparing CdepE16X to CdepE16X ,
yrt75a mutants (14 % of Cdep-like phenotypes in CdepE16X vs. 1 % in CdepE16X , yrt75a).
Conversely, the number of embryonic and larval cuticles showing yrt-like defects in Cdep∆,
yrt75a homozygotes was higher than that in yrt75a embryos and larvae. However, it has to
be noted that in Cdep∆, yrt75a double mutants the ratio of hatchlings is higher than that
in yrt75a single mutants (67 % in Cdep∆, yrt75a vs. 53 % in yrt75a). To investigate whether
this is a significant difference, the experiment will have to be repeated.
Taken together, these results show that there is a genetic interaction between Cdep and
yrt. Surprisingly though, the results were very different for double mutants of yrt75a and
the Cdep alleles carrying a premature stop codon (CdepE16X and CdepG17X) and yrt75a
and the deletion allele Cdep∆.
Figure 4.30: Cuticle preparations of yrt75a embryos and larvae. Darkfield micrographs.
Cuticle in a is in lateral view. Cuticles in b, d and e are in dorsal view, c is in ventral view. All
cuticles are with their anterior to the left. a: Cuticle of WT embryo. The head skeleton and
posterior spiracles are visible. b - d: Cuticles of yrt75a embryos. Typical phenotypes observed
are dorsal-posterior holes (triangles) and anterior holes (asterisks). e: Cuticle of a yrt75a larva.
A dorsal-posterior kink is visible (triangle).
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Figure 4.31: Plot of ratio of Cdep−/−, yrt75a cuticles showing morphological defects. The
term "yrt-like" refers to embryonic cuticles showing a dorsal hole and/ or defects in the head
skeleton or an anterior hole. Since Cdep−/− embryos also show defects in the head skeleton
and anterior holes, these phenotypes were also counted as "yrt-like" in double mutants. The
total number of embryos counted per genotype (n) is given behind each bar.
4.3.11 Cdep genetically interacts with cora
Another member of the FERM-FA subclass of scaffolding proteins is Cora. Loss of cora
function results in dorsal holes in the embryonic cuticle, and Lamb et al. (1998) reported
one allele to cause anterior holes. Therefore, flies carrying the cora allele cora5 (cora lies on
the second chromosome of D.melanogaster) were crossed with CdepG17X and Cdep∆. Due
to time restrictions, one initial experiment could be carried out, assessing the cuticular
phenotypes of cora5; CdepG17X and cora5; Cdep∆ double mutants.
Embryos homozygous for cora5 show a dorsal hole in the cuticle (Ward et al., 1998; Lamb
et al., 1998). Small holes are restricted to the medial cuticle area, whereas large holes can
extend to the posterior pole, resulting in a gap between the filzkörper. Furthermore, cora5
causes defects in the SGs. This is reflected by necrotic SG remnants in cuticle preparations
(Figure 4.32 Ward et al., 1998). This phenotype was partly rescued when combining cora5
with CdepG17X (100 % of cora-like phenotypes in cora5 vs. 19 % in cora5; CdepG17X).
However, as was the case for yrt75a, Cdep∆ does not rescue the cora5 phenotype (100 % of
cora-like phenotypes in cora5 vs. 96 % in cora5; Cdep∆). All ratios of the different cuticular
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phenotypes observed in cora5 single mutants and cora5; CdepG17X and cora5; Cdep∆ double
mutants are given in Figure 4.33.
Figure 4.32: Cuticle preparations of cora5 embryos. Darkfield micrographs. Cuticle in a is in
lateral view. Cuticles in b and c are in dorsolateral view. All cuticles are with their anterior to
the left. a: Cuticle of WT embryo. The head skeleton and posterior spiracles are visible. b
and c: Cuticles of cora5 embryos. Typical phenotypes observed are dorsal-medial holes that
can extend to the posterior pole (asterisks). Usually, necrotic remnants of the salivary glands
can also be seen (triangles).
Figure 4.33: Plotted ratio of cora5; CdepG17X and cora5; Cdep∆ embryonic cuticles showing
morphological defects. The term "cora-like" refers to embryonic cuticles showing a dorsal
hole and necrotic remnants of the salivary glands. The total number of embryos counted per
genotype (n) is given behind each bar.
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5 Discussion
5.1 The role of CG17362 and CG9040 in SG lumen stability
5.1.1 Impairments in the expression of CG17362 and CG9040 could be the
cause for the intermittent tube closure in the embryonic SGs
In this thesis, I have shown that two different Minos insertions in the ORF of the
uncharacterized Drosophila melanogaster gene CG17364 cause an intermittent tube closure
phenotype in the embryonic SGs.
Two other genes, CG17362 and CG9040, lie upstream of the Minos insertions on the
DNA strand complementary to CG17364, within an intron of CG17364. Since no antibodies
are available for any of the protein products of the aforementioned genes, it could not
be assessed which of the three genes was affected by the Minos insertions. The sequence
covering both Minos insertions as well as CG17362 and CG9040 was used for a prediciton of
potential promoter regions with McPromoter006. The only part of the sequence that has a
probability to be a promoter is within the ORF of CG17362. A homeodomain transcription
factor binding site identified by ChIP analysis is disrupted by Mi{ET1}CG17362MB04765
(modENCODE Consortium et al., 2010). Otherwise, no known or predicted sequences
influencing expression of CG17362 and CG9040 are impaired by the Minos insertions used
in this thesis. However, expression data obtained from FlyBase showed that CG17362 and
CG9040 both have extremely high expression levels in late-stage Drosophila embryos as well
as in the SGs of third-instar larvae. Furthermore, RNA in situ hybridization carried out
for this thesis showed that CG17362 is strongly and exclusively expressed in the embryonic
SGs in WT. Onthe other hand, CG17364 shows moderate to high expression levels in late
embryos, pupae and adult heads, but not in the larval SGs, according to data from FlyBase.
This hints at the possibility that the observed SG phenotype stems from the impairment
of CG17362 and probably CG9040 expression.
5.1.2 CG17362 and CG9040 could be necessary for SG lumen dilation and
stability of lumen diameter
In embryos homozygous for either CG17364MB01315 or CG17362MB04765, the SGs initially
develop normally during embryogenesis. Their invagination, migration and growth is very
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similar to WT embryos. Only in stage 17 embryos does the SG lumen show a phenotype
that is characterized by bloated areas alternating with seemingly collapsed lumen. Both
CG17362 and CG9040 are expressed late in embryogenesis, when the SG lumen normally
widens. In the Drosophila tracheae, a secretory burst at the end of embryogenesis dilates
the lumen of the dorsal trunk (Tsarouhas et al., 2007). During this process, proteins
important for the assembly of the chitinous aECM of the tracheal dorsal trunk lumen
are also secreted (Devine et al., 2005; Luschnig et al., 2006). The tracheal aECM plays
a crucial role in the length and diameter of the dorsal trunk. A SG phenotype strongly
reminiscent of what I report here has been shown in Drosophila embryos homozygous for
either of two prolyl hydroxylases PH4α SG1 and PH4α SG2 (Abrams, 2006). Both are
subunits of ER enzymes and hydroxylate prolin residues in secreted proteins (Kivirikko
and Pihlajaniemi, 1998). Another Drosophila mutant showing an intermittent tube closure
phenotype in the embryonic SGs is pasilla4 (Seshaiah et al., 2001). Pasilla (Ps) is a nuclear
splicing regulator. In both studies it was marked that the secretory content of SGs from
embryos mutant for the studied gene was lower than in SGs from WT embryos (Abrams,
2006; Seshaiah et al., 2001). The ps mutant allele ps4 caused a reduction in the number
and size of apical secretory granules in the embryonic SG (Seshaiah et al., 2001). While Ps
probably has an indirect role in SG lumen maintenance, PH4α SG1 and PH4α SG2 likely
directly modify secreted proteins and could therefore contribute to the aECM of the SG
lumen in Drosophila. The aECM of the SGs does not contain chitin. However, Abrams
(2006) reported fibrillar structures in the lumen of late-stage SGs, although the molecular
nature of these fibrils is still unknown. It is likely that the dilation of the SG secretory
tubes also requires a secretory burst, since apical secretory vesicles become visible in the
SG secretory cells in late embryos (Abrams, 2006). It is therefore possible that CG17362
and CG9040 encode proteins that play a role in this secretory burst, i.e. by assisting in the
splicing of the mRNA of aECM components or by being part of the secretory machinery.
However, from this data it cannot be concluded what the molecular role of the proteins
encoded by CG17362 and CG9040 could be. In order to elucidate this further, the number
of secretory vesicles and the content of late-stage SG lumina would have to be determined.
An overview over possible roles of CG17362 and CG9040 in the building or maintenance of
the SG aECM is given in Figure 5.1.
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Figure 5.1: Possible roles of CG17362 and
CG9040 in the apical extracellular matrix
(aECM) of the Drosophila larval salivary
glands (SGs). a: CG17362 and CG9040 could
encode splicing factors that process mRNAs of
aECM components. b: CG17362 and CG9040
might aid in the packing of aECM components
into vesicles c: CG17362 and CG9040 might
assist in the transport of secretory vesicles. d:
CG17362 and CG9040 could aid the apical
fusion of secretory vesicles.
5.2 The role of Cdep in Drosophila embryonic morphogenesis
In this thesis, three different kinds of Cdep alleles were assessed: a) PBac{5HPw+}CdepB122
and Mi{MIC}CdepMI00496 are intronic insertion allles. b) CdepE16X and CdepG17X carry
a premature stop codon. c) Cdep∆ is a full deletion of the Cdep ORF.
I have shown that insertions in the ORF of Cdep cause defects in DC and impair fusion
of the tracheal dorsal trunk in Drosophila embryos. During DC, LE cells do not elongate
properly along the dorsoventral axis and instead often splay out in an anterior-posterior
direction. This can lead to the anterior-posterior expansion of the LE of whole segments, in
turn excluding neighboring segments from the LE. Many branches of tracheal metameres do
not migrate properly, causing the metameres to remain isolated from each other all through
embryonic morphogenesis. The P-element inserted in PBac{5HPw+}CdepB122 is 94 bp
upstream of exon 15, whereas in Mi{MIC}CdepMI00496, a Minos element, is inserted 2 bp
downstream of exon 17. Intronic mutations have been reported to interfere with splicing in
some human diseases including Retinitis Pigmentosa (Davidson et al., 2013; Khan et al.,
2015), and in defects in mice and C.elegans (Kameya et al., 2002; Wells et al., 2015). PBac
{5HPw+}CdepB122 could affect splicing, causing exon 15 to be skipped. Since exon 15
encodes the PH sites necessary for membrane association of Cdep, the PBac{5HPw+}
CdepB122 allele could cause mislocalization of Cdep. Mi{MIC}CdepMI00496 possibly impairs
splicing of exon 17. This exon does not encode any known domains. However, its absence
may cause problems in protein folding.
A premature stop codon or deletion of the Cdep ORF cause multiple morphological defects
in Drosophila embryos. These defects are characterized by the fusion of epithelia-derived
segmental body structures such as tracheal metameres and denticle belts. Furthermore, in
some embryos the AS degenerates long before DC is accomplished. Also, anterior defects
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reflected in the dissolution of the head and anterior holes in the embryonic cuticle have
been observed. While flies carrying either CdepG17X , CdepE16X or Cdep∆ are homozygous
viable and fertile, the rate of larvae hatching from eggs is reduced when compared to
WT. While it is very probable that no Cdep protein is left in Cdep∆ mutants, alternative
start codons could be used to translate a 5’ truncated version of Cdep in CdepE16X and
CdepG17X . Indeed, Cdep mutants carrying a premature stop codon rescue the cuticular
defects seen in yrt75a and cora5 embryos, while a full deletion of the Cdep locus does not,
or only in a very limited fashion. It is therefore possible that CdepE16X and CdepG17X
mutants produce an altered version of Cdep that could be structurally different from the
WT version (Section 5.2.3).
5.2.1 Cdep is a regulator of the JNK pathway
5.2.1.1 Mutations in TGF-β pathway components cause LE bunching and gaps in
the tracheal dorsal trunk
In Drosophila DC, expression of the TGF-β ligand Decapentaplegic (Dpp) is activated
by the Jun-N-terminal Kinase (JNK) pathway (Riesgo-Escovar and Hafen, 1997). The
Drosophila JNK is encoded by basket (bsk) (Sluss et al., 1996). Ricos et al. (1999) have
shown that mutations in the Dpp receptor genes thickveins (tkv) and punt (put) cause
anterior-posterior stretching of LE cells, extending to whole segments, and consequentially
the bunching of neighboring cells or segments. The same is true for mutants of the
TGF-β transcription factor Schnurri (Shn) which acts downstream of Dpp signalling (Ricos
et al., 1999). The CREB (cAMP response element-binding protein) binding protein dCBP
is a coactivator of the Dpp-activated transcription factor Mothers against Dpp (Mad).
Mutations in dCBP and its interactor Modulo (Mod) cause fusion of denticle belts and
head defects (Bantignies et al., 2002).
Eivers et al. (2009) report occasional denticle belt fusions in embryos homozygous for
the dpp null allele dppH64. Migration of dorsal and ventral branches of tracheal metameres
require Dpp signalling (Wappner et al., 1997; Vincent et al., 1997; Llimargas and Casanova,
1997). A mutation in the Dpp receptor tkv causes occasional gaps in the dorsal trunk
and general failure in development of the tracheal tree (Llimargas and Casanova, 1997).
The phenotypes described in these reports closely resemble those observed in the Cdep−/−
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mutants characterized in this thesis. Hence, a model in which Cdep is involved in the JNK
or TGF-β pathway is conceivable.
5.2.1.2 The JNK pathway, like Cdep, is instrumental in GBR, DC and HI
Activation of the JNK pathway and its subsequent activation of dpp expression during
Drosophila DC culminates in the the expression of zipper (zip, Drosophila non-muscle
myosin heavy chain) and the assembly of a supracellular actomyosin cable in LE cells (Young
et al., 1993; Ricos et al., 1999; Arquier et al., 2001). JNK activity is also instrumental in
the assembly of the actin-based filopodia in LE cells (Jacinto et al., 2000). Moreover, the
Dpp signal is crucial for the pulsed AS cell contractions that partly drive DC, and in the
adhesion between AS and LE cells (Fernández et al., 2007; Blanchard et al., 2010).
JNK also activates expression of the transcription factor u-shaped (ush) through Dpp
(Fernández et al., 2007). Ush is required for AS survival during GBR (Frank and Rushlow,
1996). Since the AS is mechanically aiding to accomplish GBR, the JNK pathway therefore
also plays a role in this epithelial movement.
The pro-apoptotic genes hid, rpr, grim, scylla (scyl) and charybde (chrb) are instrumental
in Drosophila HI (Abbott and Lengyel, 1991; Grether et al., 1995; Nassif et al., 1998; Chen
et al., 1996; Scuderi et al., 2006). JNK is a well-known activator of apoptosis, it activates the
expression of hid, rpr and grim (Kanda and Miura, 2004; Adachi-Yamada and O’Connor,
2002; Igaki, 2009). Both scyl and chrb are transcriptionally regulated by Dpp (Scuderi
et al., 2006). However, although it is highly likely that the JNK pathway directly regulates
HI, this has not yet been studied.
Thus, the JNK pathway likely mediates the morphogenetic processes in those tissues
whose morphogenesis is affected by defects in Cdep. An model in which Cdep influences
the JNK pathway or vice versa is therefore possible.
5.2.1.3 Mouse Farp2 acts upstream of the JNK pathway
JNK has been shown to play a role during cell migration in many different systems, i.e.
during neurogenesis, wound healing and cancer cell invasion in mouse models, where it
can both activate and repress cell migration, depending on the cellular and developmental
context (Mizuno et al., 2005; Westerlund et al., 2011; Zhang et al., 2014; Chen et al., 2014;
Wang et al., 2015; Cho et al., 2014). Activation of the JNK pathway via the small GTPases
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Rac1 and Cdc42 is capable of suppressing cell migration in human kidney epithelial cells
as a reaction to a chemorepellent (Yamauchi et al., 2002). JNK activation was suppressed
in those cells when they were transfected with a mouse Farp2 mutant lacking the RhoGEF
domain, placing Farp2 upstream of the JNK pathway (Miyamoto et al., 2003). In axon
guidance, mouse Farp1 and Farp2 also relay chemorepellent signals to cell migratory
behaviour (Zhuang et al., 2009; Toyofuku et al., 2005). Sema3A, the chemorepellent
signal relayed by Farp2, also acts as a guidance cue for epithelial migration in the mouse
and human lung and in the mouse kidney, and in epidermal migration in the nematode
Caenorhabditis elegans (Ito et al., 2000; Becker et al., 2011; Tufro et al., 2008; Roy et al.,
2000).
A direct influence of a Cdep homologue on the JNK pathway has therefore been shown.
Furthermore, a chemorepellent whose signal is transferred to downstream effectors by the
same Cdep homologue plays a role in multiple epithelial migration processes. Hence, I
suggest a model in which Cdep relays extracellular guidance cues to the JNK pathway in
epithelial migration. However, since Cdep itself is likely membrane-associated, but not a
transmembrane protein, the extracellular cues must be sensed by other receptors. Indeed,
Toyofuku et al. (2005) propose that the Cdep mouse homologue Farp2 initially binds to
the transmembrane receptor plexin-A1 via the FERM domain of Farp2. Plexin-A1 and
neuropilin-1 comprise the Sema3A receptor complex. Upon Sema3A binding to neuropilin-1,
Farp2 is released from plexin-A1 and transduces the chemorepellent signal (Toyofuku et al.,
2005).
5.2.2 Does Cdep act as a GEF?
Human CDEP has been claimed to be a RhoA-GEF (Koyano et al., 2001) whereas its
mouse homologue Farp1 has been found to bind Rac1 (Cheadle and Biederer, 2012; Zhuang
et al., 2009). Mouse Farp2 has been found to exert its GEF activity exclusively on Cdc42
in two studies (Miyamoto et al., 2003; Fukuhara et al., 2004) or exclusively on Rac1 in
two other studies (Toyofuku et al., 2005; Kubo et al., 2002). In none of these studies a
well-characterized GEF has been used as a control to estimate the strength of the GEF
activity of the examined Cdep homologue. Furthermore, He et al. (2013) have found
that two highly conserved aa residues in other RhoGEFs are mutated in human FARP1
and mouse Farp2. When aligning the sequences of either of these two proteins to mouse
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Farp1, human FARP2 and Drosophila Cdep, it becomes clear that these key aa residues are
mutated in them as well. Furthermore, Farp2 assumes a tertiary structure that autoinhibits
the RhoGEF domain (He et al., 2013). Very substantial conformational changes, mediated
by phosphorylation on multiple residues, and interactions with several binding partners
are necessary to relieve this autoinhibition (He et al., 2013). However, a Farp2 mutant
lacking the RhoGEF domain fails to activate the JNK pathway (Miyamoto et al., 2003).
Furthermore, Toyofuku et al. (2005) showed that Rac-GTP levels rose in cells expressing
Farp2 when compared to cells not expressing Farp2. It is thus possible that Drosophila
Cdep acts as a GEF in some, but not all, developmental contexts. Farp2 has also been
hypothesized to act as an indirect GEF, possibly by strengthening the interaction of other
GEFs with their substrate (He et al., 2013). Other FERM proteins have been implicated in
the regulation of small GTPases: Moesin antagonizes the activity of Rho, whereas Merlin,
the Drosophila homologue of the neurofibromatosis type II tumor suppressor in humans
and mice, downregulates active Rac (Speck et al., 2003; Shaw et al., 2001). However, none
of them has protein domains that imply a direct interaction with GTPases. Cdep therefore
promises to provide a direct link between scaffolding function and regulation of cellular
signalling cascades, a function that FERM domain proteins have only been shown to carry
out indirectly to this date.
5.2.3 Cdep might regulate epithelial migration in parallel to Yrt and Cora
I have shown that Cdep mutants carrying a premature stop codon shortly downstream of
the transcription start site of Cdep rescue the morphological defects observed in yrt75a or
cora5 loss-of-function mutant embryos. In CdepE16X and CdepG17X mutants, translation
could start at an alternative ATG. This could lead to differences in activity levels or
modified interaction behaviors of the resulting truncated Cdep protein. As discussed
above, the RhoGEF domain of the mouse homologue Farp2 requires large conformational
changes to be activated (He et al., 2013).In a truncated version of Cdep, the RhoGEF
domain could be more accessible and therefore have a higher activity than in WT Cdep.
The truncation of the protein might also affect the FA domain which has been implied
in phosphorylation-dependent negative regulation of FERM-FA proteins (Manno et al.,
2005; Baines, 2006). If the FA domain is absent or misfolded in CdepE16X and CdepG17X
mutants, the remaining protein might be a constitutively active version of Cdep which
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compensates for the missing activities of Yrt or Cora during epithelial morphogenesis in the
Drosophila embryo. While the roles of Yrt and Cora in epithelial cell polarity are relatively
well-studied, it is not known how they exert their molecular functions during epithelial
movements (Hoover and Bryant, 2002; Laprise et al., 2006, 2009; Gamblin et al., 2014).
FERM domain proteins usually act as scaffolding proteins binding membrane lipids and
membrane-associated proteins to the cytoskeleton (for review see Tepass, 2009). According
to a BLAST search carried out with the actin binding site of the human Cora homologue
Ezrin, neither Yrt nor Cora have an actin binding site (Turunen et al., 1994). However,
Cora has been shown to mediate the association of a glutamate receptor to the actin
cytoskeleton in Drosophila neuromuscular junctions (Chen et al., 2005). Additionally,
postsynaptic actin organization in neuromuscular junctions is regulated by Baz in an
aPKC-dependent manner; and aPKC activity is mediated by Yrt (Ramachandran et al.,
2009; Gamblin et al., 2014). Thus, Cora and Yrt could have an indirect effect on the
interaction of actin with membrane-associated proteins. Since actin rearrangement is an
important driver of epithelial migration, this is a possible pathway for the influence of
Cora and Yrt on embryonic morphogenesis.
If CdepE16X and CdepG17X indeed produce constitutively active proteins that comepensate
for the loss of Yrt and Cora, Cdep would in fact act in parallel to them rather than in
the same pathway. Cdep could influence cytoskeleton organization via the JNK pathway,
although no apparent abnormalities in the actin cytoskeleton have been observed in Cdep−/−
embryos. It is possible that the defects in the cytoskeleton are too subtle to observe under
the given circumstances. Alternatively, the changes might not affect the overall cytoskeletal
organization, but rather the stability of its interaction with the plasma membrane. To
elucidate this, further experiments have to be carried out. An overview over a possible
mode of action for Cdep in epithelial morphogenesis in the Drosophila embryo is given in
Figure 5.2.
5.3 Conclusion and Outlook
Due to the role of the JNK pathway in a myriad of different dovelopmental processes, it is
a challenge to find bona fide interactors. My findings support the hypothesis established
in Miyamoto et al. (2003) that Cdep is an activator of the JNK pathway; they also fit in
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Figure 5.2: Possible mode of action for Cdep in epithelial morphogenesis in the Drosophila
embryo. A transmembrane receptor picks up a signal from an extracellular guidance cue. Cdep
is associated, direclty or indirectly, with the cytoplasmic part of the receptor and transmits the
signal to the JNK pathway, activating it. This might be dependent on the RhoGEF domain
of Cdep. JNK pathway activity results in the activation of different downstream effectors,
depending on the tissue and developmental time point. In tubular organs, i.e. the trachea and
malpighian tubules, JNK regulates speed and direction of migration. During head involution
(HI) JNK promotes apoptosis. In epithelial migration events that require cell contractions
mediated by actin and myosin, the JNK signal activates the TGF-β pathway by promoting
decapentaplegic dpp expression. This is necessary for the completion of germ band retraction
(GBR), dorsal closure (DC) and possibly HI. The FERM domain proteins Yurt and Cora
likely act in a redundant pathway to drive The same morphogenetic movements, possibly by
regulating the interaction of other proteins with actin.
well with the roles found for the Cdep homologues CDEP and FARP2 in human and Farp1
and Farp2 in mouse. I and other studies before have shown that Cdep influences multiple
developmental processes where epithelial movement plays an instrumental role. Hence, it
is likely that Cdep is a canonical activator of the JNK pathway in epithelia. The model
proposed in this thesis elucidates one of the missing links between external cues and the
onset of the JNK signalling cascade.
In order to quickly confirm whether Cdep activates the JNK pathway, Cdep−/− embryos
will be stained with antibodies specifically binding the phosphorylated, and therefore active,
form of Bsk, the Drosophila JNK. This will also allow to estimate whether mildly affected
embryos have higher p-Bsk levels than severely affected individuals.
Furthermore, to find out where Cdep is localized in the embryo and in epithelial cells,
Cdep will be endogenously tagged with an mRFP transgene utilizing the CRISPR/Cas9
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system. The embryos will be stained with an α-mRFP antibody. Former approaches
using two different Cdep antibodies have been unsuccessful. The antibody signal was
undetectable with confocal laser scanning microscopy and the the antibodies produced
many unspecififc bands in Western Blots.
It will be interesting to see whether Cdep influences the protein levels of Yrt or Cora.
Therefore, Cdep−/− embryos will be stained with antibodies against both these proteins.
Conversely, the Cdep-mRFP transgene will be combined with yrt75a and cora5, respectively.
From this experiment it will become more clear if Cdep acts in parallel to the Yrt-Cora
group of proteins or in the same pathway, and how the three proteins influence each other.
Finally, the question remains whether Cdep exerts GEF activity. To assess this possibility,
cell lines could be transfected with Cdep, CdepE16X , CdepG17X and Cdep∆ and the amounts
of active Rho, Rac and Cdc42 can be measured. This will also allow a conclusion about
whether CdepE16X and CdepG17X produce proteins with higher GEF activity than WT
Cdep. However, this experiment will still not clarify if Cdep directly interacts with small
GTPases or via other GEFs. To demonstrate this, an elaborate study will be necessary.
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6 Materials and Methods
6.1 Cell strains, plasmids and DNA constructs
Table 6.1: E.coli strains used
Escherichia coli
strain
resistance genotype reference
DH5α – F− Φ80lacZ∆M15 ∆(lacZYA-argF)U169
deoR recA1 endA1 hsdR17 (r−k , m
+
k ) phoA
supE44 thi-1 gyrA96 relA1 λ−
Bethesda Res.
Laboratories
E.coli DH5α cells were used for transformation, amplification and -80 ◦C long-term
storage of vectors in form of glycerol stocks.
Table 6.2: Plasmids and vectors used in this thesis
plasmid
backbone
vector resistance description reference
pValium22 pCFD3-
dU6:3
gRNA
AmpR Drosophila U6:3 promoter followed
by 2×BbsI restriction site, T3
promoter, T7 promoter, LacZ-a
(Port et al.,
2014)
pValium22 pCFD-4_
U6:1_U6:3
tandemgRNAs
AmpR Drosophila U6:3 and U6:1 promoter,
T3 promoter, T7 promoter, LacZ-a
(Port et al.,
2014)
pJ204 pHD-
DsRed-attP
AmpR LoxP-attP-3xP3-DsRed-LoxP (Gratz et al.,
2014)
pCFD-3 and pCFD-4 are vectors for cloning of sgRNA templates. After injection of one of
these vectors into D.melanogaster embryos, the sgRNAs will be produced by transcription
from the ubiquitously active U6:3 and U6:1 pomoters, respectively (Port et al., 2014).
pHD-DsRed-attP was used for homology repair after CRSIPR-Cas9-induced deletion of
the whole Cdep locus.
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Table 6.3: Vectors containing Cdep or parts thereof used for gene modification
vector description reference
pOT2-SD10794 contains cDNA of Cdep splice variant RE
(GenBank: BT024186.1)
Dros. Genomics Res.
Center, Bloomington,
IN, USA
BAC attB-P[acman]-
CH321-58D21
bp no. 669466-772460 on chromosome
arm 3R of Drosophila melanogaster
cloned into the BAC attB-P[acman]
BACPAC Res.
Center, Children’s
Hospital Oakland,
CA. USA
pCFD3-dU6:3-
CdepEx2gRNA
gRNA template for recognition of
CRISPR target site closest to START
codon in Cdep exon 2
this thesis
pCFD-4_U6:1_U6:3
CdepExcgRNAs
gRNA templates for recognition of
CRISPR target sites in exon 2 and exon
17 of Cdep
this thesis
pHD-Cdep5’HA-DsRed-
Cdep3’HA
∼1kb DNA stretches homologous to Cdep
5’UTR (5’HA) or Cdep 3’UTR (3’HA),
flanking 3xP3-DsRed of pHD-DsRed-attP
this thesis
6.2 Culture media
6.2.1 Lysogeny Broth (Bertani, 1951)
For growth of E.coli BL21 cells expressing a gene from a plasmid, Lysogeny Broth
(LB-medium) was used. LB medium was supplied ready-made and autoclaved by in-house
facilities. Ampicillin was added to the medium by the experimenter after autoclaving
to yield a final concentration of 100 µg/ ml. To make LB-agar, 1.5 % (w/v) bacto-agar
was added. LB-agar-plates containing a variety of antibiotics were supplied by in-house
facilities.
Lysogeny Broth
1 % (w/v) Bacto-Tryptone
0.5 % (w/v) Yeast extract
0.5 % (w/v) NaCl pH7.0
6.2.2 Super Optimal Catabolite repression (SOC) medium (Hanahan, 1983)
For first transformations of newly cloned plasmids into E.coli DH5α, the Super Optimal
Catabolite repression (SOC) medium was used. The autoclaved medium was supplied by
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in-house facilities. SOC is a rich medium that increases the efficiency of transformation
and promotes the recovery of the transformed cells.
SOC medium
2 % (w/v) Bacto-Tryptone
0.5 % (w/v) Yeast extract
8.6 mM NaCl
2.5 mM KCl
20 mM MgSO4
20 mM Glucose pH7.0
6.3 Molecular biology methods
6.3.1 Amplifying DNA by standard PCR technology
Phusion DNA polymerase was used for PCR amplification (New England Biolabs (NEB),
Ipswich, MA, USA), together with the supplied buffer and DMSO. The protocol was taken
from https://www.neb.com/protocols/1/01/01/pcr-protocol-m0530. Single dNTP
solutions (dATP, dTTP, dCTP, dGTP) were purchased from Promega (MI, USA). They
were mixed to yield a final concentration of 10 mM (2.5 mM of each dNTP). Primers
were usually purchased in a lyophilized form from MWG Eurofins Operon (Huntsville, AL,
USA), resolubilized in ddH2O and diluted to a working concentration of 10 µM. After
some initial optimization, the PCR setup and conditions shown in Tables 6.4 and 6.5 were
used. PCR reactions were set up in an Eppendorf Mastercycler ep Gradient S (Eppendorf,
GER).
Table 6.4: Assay conditions for typical PCR reaction
amount reagent
1.0 µl template (approx. 100 ng/µl)
1.0 µl of each forward and reverse primer (stock solution 10 µM)
0.4 µl dNTPs
4.0 µl 10×GC- or HF-buffer
0.6 µl Dimethylsulfoxide
0.1 µl Phusion DNA Polymerase
11.9 µl dH2O
Σ 20 µl
70 Materials and Methods
Table 6.5: Typical PCR program
temperature duration step
98◦C 30 sec initial denaturation
40 repeats
98◦C 10 sec DNA denaturation
* 30 sec primer annealing
72◦C ** extension
72◦C 10 min final extension
4◦C ∞ hold
∗ suitable annealing teperatures were calculated with the NEB Tm Calculator at http://tmcalculator.
neb.com.
∗∗ 15-20 seconds of extension time were allowed per kb.
6.3.2 Molecular cloning
6.3.2.1 Cloning with restriction endonucleases (Old and Primrose, 1980)
For most constructs, conventional cloning assays utilizing restriction endonucleases were
used. Restriction enzymes were purchased from NEB and used according to the manufacturer’s
specifications with the supplied buffers. Restriction reactions were usually done for one to
four hours. Calf Intestine Phosphatase (CIP; NEB) was only used for 5’-dephosphorylation
of the vector when a lot of religation events occurred in a first unsuccessful cloning attempt.
In such cases, CIP was added to the restriction digest assay, which was then incubated
for at least one hour. For ligation of inserts and vector, the T4 ligase from NEB was used
according to the manufacturer’s specifications.
6.3.2.2 Gibson Assembly (Gibson et al., 2009)
With this cloning technique, multiple dsDNA fragments can be assembled in one reaction
step. Primers for each fragment are designed in such a way that they partly overlap with
the adjacent fragment. The reaction mix contains all fragments that are to be assembled,
a suitable buffer and the following enzymes:
• a 5’ exonuclease to create 3’ overhangs for each fragment
• a DNA polymerase to fill gaps after fragment assembly
• a DNA ligase to repair nicks (see also Figure6.1)
The Gibson Assembly Master Mix containing all enzymes in reaction buffer was obtained
from NEB and used according to the manufacturer’s specifications.
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Figure 6.1: Gibson Assembly, schematic representation, modified from (Gibson et al., 2009).
The vector is linearized either via restriction digest or PCR. The inserts are amplified with
primers that create a 15 bp overlap with the adjacent fragment. The linerized vector and all
inserts are then assembled in one reaction step.
6.3.3 Detecting DNA via agarose gel electrophoresis
To ensure correct DNA fragment lengths during cloning or for genomic analysis, DNA
samples were separated on a 1.5 % (w/v) agarose gel.
For the gel UltraPure Agarose powder (Invitrogen, Carlsbad, USA) was solubilized in
1×TBE buffer Maniatis (1). After a short cooling period, ethidiumbromide was added
to yield a final concentration of 0.05  (v/v) The gel was run in 1×TBE at 80 V for
approximately 35 minutes. As a standard, 10 µl of the GeneRuler 1kb DNA Ladder
(Thermo Scientific, Waltham, USA) was run in parallel to the DNA samples. DNA bands
were detected under UV light.
50× TBE
40 mM Tris-acetate
1 mM EDTA pH 7.5 - 8.0
6.3.4 Purifying DNA from E.coli
To purify plasmids from E.coli cell cultures, the QIAprep Spin Miniprep Kit or the QIAGEN
Plasmid Midi Kit was used. Purification was carried out as given in the QIAGEN R© Plasmid
Purification Handbook from April 2012. During a midiprep, lysate was cleared using a
QIAfilter Cartridge (all materials mentioned were supplied by Qiagen, Hilden, GER).
6.3.5 Extracting DNA from Drosophila adults
DNA from adult flies was extracted as described in Winkler et al. (2005). Usually, five
flies were used and the DNA pellet was resuspended in 50 µl of dH2O. Theis DNA was
diluted 1:10 before using it as a template for PCR.
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6.3.5.1 Extracting mRNA from Drosophila embryos and reverse transcription into
cDNA
Embryos were collected and incubated to reach the desired developmental stage. They
dechorionated and suspended in dH2O. They were lysed with QIAzol lysis reagent
(QIAGEN) following two freeze-thaw cycles to facilitate lysis. For mRNA extraction,
the RNeasy MiniKit (QIAGEN) was used according to the manufacturer’s specifications.
For reverse transcription, SuperScript III reverse transcriptase (Invitrogen) and the reaction
was assembled following the manufacturer’s instructions. 1.5 µg of mRNA were used as
template. If mRNA concentrations were not high enough, the maximum possible amount
was used. The resulting cDNA was diluted 1:10 or 1:100 depending on the initial mRNA
concentration, and 1 µl was used as a PCR template.
6.3.6 Making mRNA probes for in situ hybridization
Target sites for mRNA probes of ca. 500 bp length were chosen from the coding sequence
of the respective gene. Primers were designed introducing a promoter region into the
PCR product recognized by either SP6 or T7 RNA polymerase. The PCR products were
used as templates for transcription into RNA probes with digoxygenin (DIG) labeled
Uracil. For this, the DIG RNA Labeling Kit (SP6/T7) (Roche) was used according to
the manufacturer’s specifications. The quality and correct length of the RNA probe was
confirmed via agarose gel electrophoresis.
6.3.7 Measuring DNA concentrations using the NanoDrop
DNA concentration was measured with the NanoDrop 1000 spectrophotometer (Thermo
Scientific) using 1 µl of sample diluted in water or Buffer EB (Qiagen).
6.3.8 DNA sequencing
Approximately 50 ng per kb of each vector was given to the MPI-CBG Sequencing Facility.
Primers for common vectors were supplied by the facility. The sequenced data was analyzed
with the Geneious software version 6.1.8 (Biomatters Ltd., Auckland, NZ). The sequences
acquired by the facility were aligned with the desired DNA sequence of the appropriate DNA
construct (sequencing alignments for relevant constructs are given in the Supplemental
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Material on the USB flash drive attached to this thesis). Only if a construct proved to
have the correct DNA sequence it was used for further experiments.
6.3.9 Transformation
Ligation assays were transformed into chemocompetent E.coli DH5α cells. A 50 µl cell
aliquot and 2 µl of the ligation assay were used. The cells were incubated on ice for 30
minutes. Transformation was triggered by a 42 ◦C heat-shock for 60 to 90 seconds and cells
were left on ice for another two minutes before adding 500 µl SOC-medium prewarmed
to room temperature. The assay was shaken at 37◦C for at least 60 minutes. Cells were
plated on LB-Agar including a selective antibiotic dependent on the expression vector.
Vectors were transformed in the same way, using 50 µl of E.coli DH5α cells and 0.5 µl of
vector.
All plates were incubated at 37◦C overnight (16 to 18 hours).
6.3.10 Mutagenesis of Cdep with the CRISPR-Cas9 system
6.3.10.1 CRISPR/Cas9 tools for mutagenesis in D.melanogaster
A fly line carrying a Cas9 transgene under the control of the germline-specific nanos
promoter (nos::cas9 ) has been established (Port et al., 2014). This transgene has been
inserted on the X-chromosome and is marked with a miniwhite gene and 3xP3-mRFP
(see below). Several plasmids placing expression of the sgRNAs under the control of the
ubiquitously active U6:3 or U6:1 promoters are available (Figure 6.2a and 6.2b) (Port
et al., 2014). Furthermore, a donor plasmid for homolgy repair called pHD-DsRed-attP has
been synthesized and made available by Gratz et al. (2014). It contains a 3xP3::DsRed
marker which drives expression of a red fluorescent protein in the eyes of adult flies and
the ocelli of larvae and adults. 3xP3::DsRed is flanked by multiple cloning sites to allow
cloning of homology arms (Figure 6.2c and 6.2d). The same group also established an
online tool, the CRISPR Optimal Target Finder, to identify potential CRISPR target
sites in the Drosophila genome and predict off-target sites. This tool can be found at
http://tools.flycrispr.molbio.wisc.edu/targetFinder/ (Gratz et al., 2014).
74 Materials and Methods
a: pCFD3-dU6:3gRNA from Port et al.
(2014), image generated with Geneious.
b: pCFD4-dU6:1_U6:3tandemgRNA from
Port et al. (2014), image generated with
Geneious.
c: pHD-DsRed-attP from Gratz et al. (2014), image
generated with Geneious.
d: Left: w− and 3xP3::DsRed flies under
visible light. Right: w− and 3xP3::DsRed
flies under UV light with RFP filter.
Figure 6.2: pCFD plasmids for delivery of sgRNAs and pHD-DsRed-attP for homologous
recombination in Drosophila melanogaster .
6.3.11 Strategies for CRISPR/Cas9 mutagensis
In order to establish loss-of-function mutants of Cdep, two different approaches were chosen
with the CRISPR/Cas9 system: A full deletion of the Cdep ORF was created by replacing
the Cdep locus with 3xP3::DsRed, following a protocol decribed in Gratz et al. (2014).
Also, an in-frame stop codon was inserted shortly after the START codon of Cdep as
described in Port et al. (2014). The constructs, strategies and workflows used in each
approach are given below. The sgRNAs were encoded on plasmids under the control of
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the ubiquitously active U6:3 or U6:1 promoters. The in-frame stop codon was introduced
using a single-stranded Oligodeoxynucleotide (ssODN) carrying an 11 long insert between
60 nt homology arms. The entire Cdep locus was replaced by 3xP3::DsRed supplied
on pHD-DsRed-attP (Gratz et al., 2014). Homology arms of roughly 1 kb length were
cloned into pHD-DsRed-attP. The CRISPR components - the plasmid encoding the sgRNA
and the ssODN or the construct for homology repair - were injected into the posterior
pole of preblastoderm nos::cas9 embryos by Sven Ssykor. He also collected the surviving
larvae. Usually, 500 ng/ µl of each construct was injected into the embryos (1 µg/ µl
final concentration with both components in the same solution). If this solution proved
too viscous for injection, it was diluted to 400 ng/ µl per component (800 µg/ µl final
concentration).
6.3.11.1 vectors and oligomers used for mutagenesis of Cdep via CRISPR-Cas9
system
pCFD3-dU6:3-CdepEx2gRNA The vector backbone pCFD3-dU6:3gRNA was obtained
from Addgene (#49410; Port et al. (2014)). pCFD3-dU6:3-CdepEx2gRNA encodes
sgRNA for the Cas9 target site GtgtctaccaccttctccgcCGG (UPPERCASE: G for efficient
transcription from U6 promoter, UPPERCASE italics: PAM ) found on the minus strand
in exon 2 of Cdep via the CRISPR Optimal Target Finder). The DNA oligomers CAM005
and CAM002 (Table 6.6) were ordered as 5’-phosphorylated ssDNAs from MWG Eurofins
Operon. Both oligomers were resuspended in dH2O to yield a concentration of 100
µM. An annealing reaction was assembled in a 1,5 ml Eppendorf tube as given on
http://flycrispr.molbio.wisc.edu/protocols/crRNA:
1 µl of each oligomer
1 µl 10x T4 ligase buffer (NEB)
7 µl H2O
About 500 ml of water was heated to boiling point and allowed to cool for several minutes.
The tube containing the annealing reaction was then submerged in the hot water and the
water was allowed to cool down to room temperature. The resulting dsDNA with sticky
overhangs was subsequently ligated into the pCFD3 dU6:3gRNA backbone that had been
digested with BbsI and purified with the QIAGEN PCR cleanup kit. NEB T4 ligase was
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used with a standard ligation protocol. E.coli DH5α was transformed with 2 µl of the
resulting vector pCFD3-dU6:3-CdepEx2gRNA and plated on LB-Agar with Amp. On the
next day, colonies were picked and grown in 5 ml LB-Amp. A miniprep was carried out
to extract the plasmid, which was then given for sequencing with the M13 reverse primer
supplied by the MPI-CBG Sequencing Facility.
CdepSTOP-ssODN In order to insert an in-frame stop codon shortly after the Start
codon of Cdep and thereby create a loss-of-function mutant, a single-stranded DNA oligomer
was ordered from Integrated DNA Technology (Coralville, IA, USA). It contained two
60 nt homology arms flanking the cut made by Cas9 guided by the sgRNA encoded in
pCFD3-dU6:3-CdepEx2gRNA. The stop codon TAA was encoded by the 11 nt insert, as
well as a BglII restriction site for convenient screening. The full sequence of the ssODN is
5’-AGATTCTCGTCTACAAAATGTCCCTGGCCGACATGGGCACAGCCTCTCGAT
CCGCCGGCGAGTAAagatctGAGAAGGTGGTAGACACTATGATCTAGCCACGG
GCGGAGCTGGAAGTGGGGGTCATCCAG-3’ (UPPERCASE italics: nucleotides to
keep stop codon in frame with Cdep ORF; UPPERCASE bold: stop codon; lowercase:
BglII restriction site). An overview over the strategy is given in Figure 6.3.
Figure 6.3: Strategy to insert in-frame stop codon into Cdep ORF. The introns (colored
boxes) and exons of Cdep isoforms RE and RF are shown. Underneath is a blow-up of the
region around the Start codon (green), the PAM (magenta) and the sgRNA target site (orange).
The insert was inserted after the first two base pairs of the sgRNA target site. Successful
insertion resulted in an in-frame stop codon and a novel BglII restriction site. Screening for
insertion events was carried out by amplifying the region around the insert with the primer
pair AM241 (fwd) and AM242 (rev), resulting in a 725 bp amplicon.
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pCFD4-CdepExc_2sgRNAs This vector encodes two sgRNAs for the deletion of the
whole Cdep ORF, one guiding Cas9 to the target site tacacagccatgctgtgtTGG (UPPERCASE
italics: PAM ; found in exon 2 of Cdep) and the other to guide Cas9 to the target site
gtgtctaccaccttctccgcCGG (UPPERCASE italics: PAM ; found in exon 17 of Cdep). The
DNA oligomers CAM009 and CAM010 (Table 6.6) were used as primers for PCR, using 10
ng of pCFD4-U6:1_U6:3tandemgRNAs as template (Addgene #49411; Port et al. (2014)).
A schematic of the resulting amplicon is depicted in Figure 6.4. This DNA was cloned into
pCFD4-U6:1_U6:3tandemgRNAs via Gibson Assembly after linearization of the vector
with BbsI endonuclease. Treating the vector with BbsI resulted in the removal of the first
sgRNA core sequence and the U6:3 promoter, both of which were replaced by the insert
(Figures 6.4a and 6.4b).
a: Part of pCFD4-U6:1_U6:3tandemgRNAs involved in encoding sgRNA cores and U6 promoters. The
sequence between the two BbsI restrcition sites will be eliminated during the restriction digest.
b: PCR product resulting from amplifying pCFD4-U6:1_U6:3tandemgRNAs with CAM009 and CAM010.
c: Gibson Assembly of one insert encoding sgRNAs targeting Cdep exon2 and Cdep exon 17 into
pCFD4-U6:1_U6:3tandemgRNAs, yielding the vector pCFD4-CdepExc_2sgRNAs.
Figure 6.4: Cloning strategy for pCFD4-CdepExc_2sgRNAs
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pDsRed-5’HA-3’HA For the replacement of the Cdep ORF with dsRed, the vector
pHD-DsRed-attP was obtained from Addgene (#51019; Gratz et al. (2014)). An overview
over the strategy used for the mutagenesis approach is shown in Figure 6.5. The 5’-homology
arm (5’HA), a DNA sequence homologous to 1,021 bp upstream of the sgRNA target
site in exon 2 of Cdep was cloned into the vector. This was done using the EcoRI and
NotI restriction site of the multiple cloning site provided on the vector. The primer pair
AM257+AM266 was used with 10 ng of the Cdep BAC attB-P[acman]-CH321-58D21 as
template.
The 3’-homology arm (3’HA) covered 989 bp in the 3’UTR of Cdep, starting 3 bp
downstream of the endogenous stop codon. It was inserted into the vector via Gibson
assembly since all other attempts using restriction endonucleases failed. The 3’HA was
amplified from attB-P[acman]-CH321-58D21 using the Gibson Assembly primer pair
AM273+AM274. The vector already containing the 5’HA was linearized using the restriction
endonuclease XhoI.
An overview over the relevant part of the vector is shown in Figure6.6 and primers
mentioned are listed in Table 6.6.
Figure 6.5: Schematic representation of strategy to replace Cdep ORF with DsRed. Black
triangles mark the cut sites for Cas9. pDsRed-5’HA-3’HA carries 1 kb homology arms allowing
it to act as a template for homology repair after the Cdep ORF has been deleted. In this way,
the DsRed gene will replace Cdep, allowing for convenient mutant screening.
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Figure 6.6: Schematic representation of
pDsRed-5’HA-3’HA. Image generated with
Geneious. The 5’-homology arm (HA) binds
to a region upstream of the sgRNA target
site in exon 2 of Cdep. The 3’HA binds to
the 3’UTR of Cdep, 3 bp downstream of the
endogenous stop codon. Not shown is the
Amicillin ressistance gene and a pBR322 origin
of replication.
6.3.11.2 Screening for successful mutagenesis events in flies modified with the
CRISPR/Cas9 system
Insertion of an in-frame stop codon into the Cdep ORF The screen for successful
insertion events of CdepSTOP-ssODN into the Cdep locus was carried out by PCR and
subsequent restriction digest with BglII. For this, five flies presumably carrying the insert
were sacrificed and their genomic DNA was extracted. It was diluted 1:10 and used as
a template with the primer pair AM241+AM242 (Figure 6.3 and Table 6.6). The PCR
product was cleaned with the QIAquick PCR purification kit (Qiagen) and digested with
BglII (NEB) for about two hours. The entire volume of DNA was loaded onto an agrose gel.
As a negative control, DNA from WT flies was also amplified and digested. Furthermore,
when it became apparent that there were flies carrying the insertion and that they were
homozygous viable, the PCR and BglII digest were repeated to show that there was no
WT allele of Cdep present (Figure 6.8). The PCR products were given for sequencing.
Figure 6.7 shows the crosses that were carried out to establish fly lines homozygous for the
Cdep ST OP alleles.
Figure 6.7: Workflow
for crossing and screening
flies for succesful insertion
of stop codon in Cdep
ORF. From the F1 and
F2, single males were
crossed with two or
three virgins carrying
a third-chromosome
balancer.
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Figure 6.8: Example agarose gels with BglII digestion products of amplicons generated with
primers AM241+AM242. a: Agarose gel showing BglII digestion products of DNA amplified
from WT flies or flies carrying Cdep ST OP over a balancer chromosome. Triangle: undigested
PCR product. Arrows: digestion products. A part of the image between the DNA marker and
the bands was cut out for better visibility. b: Agarose gel showing BglII digestion products of
DNA amplified from WT flies or flies homozygous for Cdep ST OP . There is no undigested PCR
product left in the right lane, showing that there is no WT allele of Cdep present in these flies.
Replacing the entire Cdep locus with dsRed The dsRed marker is clearly visible as
bright red fluorescence in the adult eyes and ocelli. Nonetheless, a problem had to be
overcome when screening offspring for the presence of 3xP3::DsRed: the nos::cas9 transgene
on the first chromosome is marked with 3xP3::mRFP which gives the same red fluorescent
eye phenotype as 3xP3::DsRed. nos::cas9 is also marked with the miniwhite gene which
produces an orange eye color. Therefore, only male F1 offspring was crossed further. From
the F2, males with white eyes (absence of miniwhite, therefore absence of nos::cas9 ) that
were red fluorescent (presence of 3xP3::DsRed) were taken and crossed again. The flies
carrying this allele proved to be homozygous viable, therefore a homozygous stock could
be established. Five homozygous flies were sacrificed and their DNA was extracted and
used as template for PCR with the primer pair AM280+AM281 (Table 6.6). This primer
pair flanks the coding region of Cdep and produces a 4,276 bp long product only after the
replacement of the Cdep locus with 3xP3::DsRed. If the Cdep ORF was still present, the
amplicon would be about 30 kb long. However, amplification will most likely break off
before finishing this long amplicon, therefore in WT, no PCR product is expected. The
PCR product was given for sequencing.
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Figure 6.9: Workflow
for crossing and screening
flies for succesful
replacement of Cdep ORF
with dsRed. From the F2,
males with white eyes that
showed red fluorescence
under UV light were
crossed with two or
three virgins carrying
a third-chromosome
balancer.
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Table 6.6: primers used in CRISPR mutagenesis of Cdep
Gibson Assembly
name sequence overlaps with
AM273 (fwd) gcataaggcgcgcctaggGCAACTAAAAGAA
CTCAGTGTTTC
pDsRed-5’HA 3’-end after
XhoI digest
AM274 (rev) ctcgattgacggaagagccCAATAAAAGATTT
AAGAACTTTGTAAAATC
pDsRed-5’HA 5’-end after
XhoI digest
sgRNA target sites
name sequence restr. site/ overlaps with
CAM002 AAACGCGGAGAAGGTGGTAGACAC BbsI
CAM005 GTCGGTGTCTACCACCTTCTCCGC BbsI
CAM009 tatataggaaagatatccgggtgaacttcgGTGT
CTACCACCTTCTCCGCgttttagagct
agaaatagcaag
U6:1 promoter, sgRNA
core
CAM010 attttaacttgctatttctagctctaaaacAACAC
AGCATGGCTGTGTACcgacgttaaat
tgaaaataggtc
sgRNA core, U6:3
promoter
classic cloning
name sequence restriction site
AM257 (fwd) ctactGAATTCCCAGATAGAGAAACT
GAACTTCC
EcoRI
AM266 (rev) gatcaGCGGCCGCGGATCGAGAGGC
TGTGC
NotI
Mutant screening
name sequence
AM241 (fwd) GAGGAAATCCAGTGCCACACATGCGTG
AM242 (rev) GTACTTGGAACATGGTGATCGAGTCGTC
AM280 (fwd) GTATCTAGCAAATTGACAGCCAG
AM281 (rev) GTATTTCGCATTTATCGTGAGAC
lowercase italics: overlap with neighboring fragment for Gibson Assembly
UPPERCASE: sequence annealing to template
blue: overlap with U6 promoter region
lowercase bold: guanine for efficient transcription from U6 promoter
UPPERCASE BOLD: sequence encoding sgRNA
underlined: overlap with sgRNA core
lowercase: overhang for binding of restriction enzyme
UPPERCASE ITALICS : restriction site
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6.3.12 Extracting protein from Drosophila embryos
For protein extraction, embryos of the desired genotype and developmental stage were
collected from apple juice agar plates and suspended in PBS. They wewre ecntrifuged and
the PBS was discarded. Subsequently, 1 µl of embryo lysis bufer for protein extraction was
added and the embryos were ground with a pistill and BioVortexer (Biospec, Bartlesville,
USA). SDS-PAGE loading dye was added to yield a concentration of 1×. Samples were
then used for SDS-PAGE (Section 6.3.13).
Embryo lysis buffer for protein extraction
50mM Tris pH8.0
150mM NaCl
0.5 % Triton X-100
1mM MgCl2
1× freshly added cOmplete inhibitor tablet (Roche)
1mM freshly added PMSF
6.3.13 Detecting and separating proteins by mass via SDS-PAGE
The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Shapiro
et al., 1967) is a method to separate proteins by their molecular weight on a gel matrix.
Principally the separation is based on the charge of the proteins, but a more or less identical
charge per mass unit of each protein is ensured by adding SDS to the protein sample
and incubating it for ten minutes at 65 ◦C. SDS is a detergent that denatures proteins
and charges them negatively, so they will move towards the anode in an electric field.
The incubation at a high temperature supports the protein denaturation and makes the
polypeptide chain more accesible to the SDS. 4×SDS-PAGE loading dye (Laemmli dye
(Laemmli, 1970)) consists of the components given below.
SDS-PA minigels (6 ×8 cm) were cast several hours before use. The upper 2 cm
also containing the loading wells had a lower acrylamide concentration and allowed the
polypeptides to pass through faster, collecting or "stacking" them at the interface with the
separation gel.
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SDS-PA gels stacking gel separating gel
Tris HCl pH8.8 – 375 mM
Tris HCl pH6.8 125 mM –
SDS 1.25 h 0.625 h
Acrylamide 3.75 % 10 %
APS 1.67 h 0.833 h
Temed 1.67 h 0.833 h
dH2O fill up to desired volume
After preparation the samples were loaded on a SDS-PA gel containing a concentration
of acrylamide suitable for the size of the protein that was to be detected. The cathode and
anode chambers were filled with SDS-PAGE running buffer. Polypeptides were stacked at
80 V for 20 minutes and separated for another 90 minutes at 120 V. As a standard, 5 µl of
the SeeBlue Plus2 Pre-Stained Standard marker (Invitrogen) was used. Polypeptides were
then transferred onto a nitrocellulose membrane via Western blotting.
SDS-PAGE loading dye
(Laemmli dye)
20 % (w/v) SDS
1 M Tris-HCl pH 6.8
20 mM 2-mercaptoethanol
40 % (w/v) glycerol
0.2 % (w/v) bromphenolblue
SDS-PAGE running buffer
25 mM Tris
192mM glycine
0.1% SDS
6.3.14 Detection of specific polypeptides by Western blot analysis (Towbin
et al., 1979)
6.3.14.1 Transferring polypeptides to nitrocellulose membrane
After the polypeptides had been separated by SDS-PAGE, they were transferred to a
0.45 µm Hybond ECL Nitrocellulose Membrane (GE Healthcare, Little Chalfont, UK) by
Western blotting. For this, two sponges, two gel-sized sheets of Whatman paper (GE
Healthcare) and one equally sized sheet of nitrocellulose mebrane were soaked in Western
blot transfer buffer. One sponge and one sheet of Whatman paper were then placed on the
cathode side of the blot cassette (Biorad, Hercules, CA, USA). The gel and subsequently
the nitrocellulose membrane were added and covered first with another sheet of Whatman
paper and the remaining sponge. The blot cassette was inserted into the Mini Trans-Blot
gel system (Biorad). And covered with transfer buffer. Blotting occured at 100 V for two
hours.
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Western blot transfer buffer
25 mM Tris
192 mM glycine
20 % methanol
6.3.14.2 Detecting specific polypeptides via immonublotting
After transferring polypeptides from a SDS-acrylamide gel to a nitrocellulose membrane, the
membrane was blocked for one hour in 5 % BSA solubilized in TBST (1×TBS containing
0.2 % Tween 20). The primary antibody was diluted to a suitable concentration in TBST
containing 1 % BSA and added to the membrane. The membrane was incubated with the
primary antibody overnight at 4 ◦C. Subsequently, the membrane was washed three times
for ten minutes in TBST. A peroxidase-coupled secondary antibody, directed against the
species the primary antibody was raised in, was diluted to a final concentration of 1:5,000
in TBST and added to the membrane. The membrane was incubated with the secondary
antibody for one hour at room temperature. Afterwards, the membrane was washed two
times for ten minutes in TBST and two times for ten minutes in TBS. The two components
of Amersham ECL chemiluminescent detection solution (GE Healthcare) were mixed 1:1.
After removing excess liquid from the membrane, it was placed on a flat, even surface and
covered in detection solution for five minutes. The detection solution was then drained
and the membrane was placed in a light-proof cassette. In a dark room, three sheets of
Amersham Hyperfilm ECL (GE Healthcare) were simultaneously exposed for ten minutes
to the signal emitted by the membrane. The films were developed using a Kodak X-Omat
2000A (Eastman Kodak Company, Rochester, NY, USA).
1×TBS
100 mM Tris base
100 mM boric acid
2 mM EDTA
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6.4 Online tools for prediction of protein domains, interactions,
sequence alignments, etc.
For predicting transmembrane domains or signal peptides, the HMMTOP protein topology
prediction tool (Tusnády and Simon, 1998, http://www.enzim.hu/hmmtop/index.php)
was used. Protein interactions were looked up on the STRING database (Snel et al.,
2000, http://string-db.org). Similar sequences of proteins or DNA were searched with
BLAST on (Altschul et al., 1997, 2005, http://blast.ncbi.nlm.nih.gov/Blast.cgi)
using the default algorithm. The SMART tool was used to predict protein known protein
domains (Schultz et al., 1998, http://smart.embl-heidelberg.de/). Potential promoter
regions were predicted with the Markov Chain Promoter Finder McPromoter006 (Ohler,
2006, http://tools.igsp.duke.edu/generegulation/McPromoter/).
6.5 Cell culture growth and harvest
6.5.1 Growing E.coli cells for vector amplification
In order to highly amplify a vector from a single E.coli clone, small-volume cultures were
prepared from single colonies and used for inoculation of the growth medium. For such
a culture, 5 ml of LB medium with the appropriate antibiotic for selective growth were
prepared. One colony from the respective transformant plate was picked to inoculate the
medium. It was left shaking at 37 ◦C for approximately 4 to 6 hours. A culture flask
containing 50 ml of LB with the appropriate antibiotic was inoculated with 50 - 100 µl of
the culture and left shaking overnight at 37 ◦C.
If only small amounts of vector were needed, 5 ml of LB medium conatining the
appropriate antibiotic were inoculated with one single E.coli colony from an agar plate.
The culture was shaken overnight at 37 ◦C.
6.5.2 Cell harvest
The E.coli cells containing a certain vector were harvested by decanting the medium into a
50 ml Falcon tube and centrifuging it at for 30 minutes at 3,000 g. The resulting cell pellet
was resuspended in buffer P1 (Qiagen).
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6.6 Work with Drosophila melanogaster
All techniques regarding the establishment and maintenance of fly stocks were carried
out as described in (Ashburner, 1989). Techniques included stock keeping, crossing of
genetically distinct fly lines, genetic recombination, etc. Fly stocks were usually kept in
plastic tubes at room temperature. Stocks that needed to be amplified quickly were kept
at 25 ◦C, as were embryo collections and crosses. Stocks not frequently used were kept at
18 ◦C. All fly stocks that are mentioned in this thesis are listed in Table 6.6.1. Fly embryos
were staged according to Campos-Ortega and Hartenstein (2013).
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6.6.2 Recombining alleles located on the same chromosome
When wanting to assess phenotypes in embryos doubly mutant for two different alleles
located on the same chromosome, these alleles have to be recombined. Recombination is an
event naturally occurring in the early meiotic prophase of Drosophila oocytes. The term
"recombination" describes the exchange of alleles between non-sister chromatids (Merriam,
1967). In order to achieve this, the alleles that are to be recombined need to be brought
into the same female flies by crossing the lines carrying each allele. Subsequently, female
virgin offspring from this cross is crossed with a male balancer line (see crossing scheme
below). Balanced offspring from this second cross can now be screened for the presence of
both desired alleles, i.e. by phenotypic markers or PCR.
' w−; ; gene a
−
TTG × ♂ w−; ; gene b
−
TTG
↓
' w−; ; gene a
−
gene b−
× ♂ w−; ; DrTTG
↓
w−; ; gene a
−, gene b−
TTG
6.6.3 Collecting Drosophila melanogaster embryos
For the collection of Drosophila embryos, adult virgins and males were kept in a plastic
cage on apple juice agar plates (Cold Spring Harbor Protocols, 2011a) with some yeast
paste. To stimulate rapid egg laying, the plates were changed every 2 - 3 hours for one day.
This way, females would lay eggs soon after fertilization so that the developmental stage of
the embryos could be estimated as accurately as possible from the time after egg lay. Adult
flies were allowed to lay eggs for a certain period of time according to the developmental
stage of interest. Embryos were harvested by covering the plates in dH2O and swirling
a soft paintbrush to loosen the embryos. This supension was poured through a stainless
steel mesh to retain only embryos.
Apple juice agar
600 ml dH2O
18 g agar
200 ml apple juice
20 g sucrose
20 ml 20 % Nipagin M
yeast paste
5 ml dH2O
5 ml 10 % acetic acid (Merck Millipore,
Billerica, MA, USA
7.5 g baker’s yeast (Sigma-Aldrich, St. Louis,
MO, USA)
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6.6.4 Histochemistry
6.6.4.1 Embryo dechorionation
After recovering Drosophila eggs from apple juice agar plates, embryos were covered in
a 1:2 dilution of Sodium hypochlorite (stock solution: 6 - 14 %, Merck Millipore) for 3
minutes. The sodium hypochlorite removes the chorion without damaging the vitelline
membrane.
6.6.4.2 Embryo fixation for light microscopy of whole specimens
Dechorionated embryos were fixed using either a heat fixation protocol or a formaldehyde
fixation protocol.
Heat fixation of Drosophila embryos Dechorionated embryos were immersed in 2 ml
of Triton-X-Salt solution (TSS) that had been heated to boiling point in a glass vial.
Immediately afterwards, the vial was filled up with 15 ml of ice-cold TSS and incubated
on ice for 5 minutes. After decanting the TSS, 2 ml of heptane and 2 ml of methanol were
added (both Merck Millipore). The vial was shaken vigorously for 30 seconds and the
upper phase, consisting of heptane, was removed with a Pasteur Pipette. The embryos
were then transferred to a 1.5 ml reaction tube and washed with methanol three times.
Embryos covered in methanol were stored at -20 ◦C until further use.
10×TSS
3 ml Triton-X-100 (Merck Millipore)
40 g NaCl (Sigma-Aldrich)
to 1 l dH2O
Formaldehyde fixation of Drosophila embryos Dechorionated embryos were immersed
in a solution of 4 ml of PBS or embryo fixation buffer in a glass vial. 4 ml of heptane and
formaldehyde to a final concentration of 4 % (v/v) (Merck Millipore) were added. The
vial was shaken gently for 20 minutes at r/t. Subsequently, the lower formaldehyde phase
was removed and 3 - 4 ml of methanol were added. The vial was shaken vigorously for 30
seconds and the upper phase, consisting of heptane, was removed with a plastic pasteur
pipette. The embryos were then transferred to a 1.5 ml reaction tube and washed with
methanol three times. Embryos were stored in methanol at -20 ◦C until further use.
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When fixing embryos for Phalloidin staining, methanol was replaced with 90 % ethanol
in all steps.
Embryo fixation buffer
100 mM Hepes (Merck Millipore)
2 mM MgSO4 (Sigma-Aldrich)
1 mM EGTA (Sigma-Aldrich)
6.6.4.3 Embryo fixation for light microscopy of semi-thin sections (Tepass and
Hartenstein, 1994)
For the production of semi-thin sections, dechorionated embryos were pre-fixed by submerging
them in 250 µl 100 µM phosphate buffer pH 7.2 mixed with 250 µl of 50 % glutaraldehyde
and adding 2 ml of heptane. This assay was shaken gently for 20 minutes at r/t. The
Heptane phase was then removed and the embryos were retrieved from the vial using a
nylon mesh that had been shaped into a small spoon-like shape and fixed to a 200 µl
pipet tip using heat. With a soft brush, the embryos were transferred to a strip of clear
double-sided tape fixed to a glass slide. After letting the embryos dry for about one minute,
they were covered with phosphate buffer. Subsequently, the embryos were devitellinized by
hand using a pair of fine forceps. Embryos were then stored at 4 ◦C in phosphate buffer
containing 1 % glutaraldehyde for a short amount of time before they were fixed again
with osmium and glutaraldehyde. For this, the same amounts of osmium solution and
glutaraldehyde solution were freshly mixed and the embryos were fixed vor 30 minutes on
ice. After three washing steps using phosphate buffer, the samples were fixed again using
only osmium solution.
Osmium solution
500 µl 4 % osmium
500 µl 100 µM phosphate
buffer pH 7.2
Glutaraldehyde solution
100 µl 50 % glutaraldehyde
1.15 ml 100 µM phosphate
buffer pH 7.2
6.6.4.4 Antibody staining of embryos for Immunofluorescence
Embryos stored in methanol or 90 were rehydrated by washing them three times in PBST
for 5 minutes. Embryos were then blocked for one hour in 1×PBST + 5 % normal horse
serum. After blocking, embryos were incubated with 50 - 100 µl of primary antibodies
diluted in 1×PBST at 4 ◦C overnight. On the next day, the primary antibody solution
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was removed and the embryos were washed three times with 1×PBST. Subsequently, the
embryos were incubated with the secondary antibody solution for one hour (secondary
antibodies were coupled to a fluorophore, usually Alexa-488, Alexa-568 or Alexa-647).
Finally, the embryos were washed again six times with 1×PBST before mounting.
6.6.4.5 Phalloidin and DAPI staining of embryos
When staining actin, embryos were fixed and washed using 90 % ethanol for all steps. Actin
stainings were carried out using Phalloidin-Alexa555 (stock solution: 6.6 µM, Thermo
Scientific) diluted 1:100 in PBST. Embryos were incubated with Phalloidin-Alexa555 for
one hour at room temperature.
For DAPI stainings, embryos could be fixed with any protocol. Staining was carried
out with DAPI diluted 1:5,000 in PBST (stock solution: 4mg/ml; Roche) for ten minutes
at room temperature. Embryos were washed twice for five minutes with PBST and then
mounted in glycerol propyl gallate on microscopy slides as explained below.
6.6.4.6 Embryo mounting for analysis via fluorescence microscopy
Embryos stained with fluorescent antibodies, Phalloidin or DAPI were mounted in glycerol
propyl gallate. For this, embryos suspended in 1×PBST were drawn into a 200 µl pipet tip
of which the end had been cut diagonally. A drop of propyl gallate was placed on a 76x26x1
mm microscopy glass slide (Marienfeld, Lauda-Königshofen, GER). The embryos were then
pushed out of the pipet tip very carefully, trying to get as many embryos as possible into a
very small drop of PBST at the end of the pipet tip. This drop was dipped into the propyl
gallate and the embryos gently spread over the glass slide. An appropriately-sized cover slip
with a thickness of 0.17 +/- 0.005 mm (Menzel-Gläser, Braunschweig, GER) for confocal
laser scanning microscopy or a glass coverslip with a thickness of 112 (Corning, Corning,
NY, USA) for all other kinds of light microscopy was lowered onto the slide and its edges
were sealed with clear nail polish (Yves Rocher, La Gacilly, FRA). Fluorescent specimens
were imaged with a Zeiss LSM 780 NLO confocal laser scanning microscope using a Zeiss
C-Apochromat 40x 1.2 W objective (Carl Zeiss AG, Oberkochen, GER). Specimens stained
with Alexa-488 were illuminated with an Argon multiline 458/ 477/ 488/ 514 nm laser,
specimens stained with Alexa-647 were illuminated with a 633 nm Helium-Neon laser and
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specimens stained with Alexa-555 or Alexa-568 were illuminated with a diode-pumped
solid state 561 nm laser.
Glycerol propyl gallate
50 mg/ ml propyl gallate
75 % glycerol
25 % dH2O
6.6.4.7 Embryo mounting for live imaging
To observe morphogenetic processes in vivo, embryos carrying the allele DE-cad::GFP were
used (Huang et al., 2009). This allele is a GFP knock-in allele of shotgun, which results in
DE-cad being marked with GFP in all cells. This allele was combined with alleles of Cdep
to observe how morphogenetic defects arise.
Flies homozygous for both DE-cad::GFP and the desired Cdep allele were allowed to
lay eggs on an applejuice agar plate for one hour. The plates were then incubated for the
appropriate amount of time the embryos needed to reach the desired developmental stage.
A square of about 4mm × 4 mm apple juice agar was cut from an apple juice agar plate.
Embryos were dechorionated by rolling them on double-sided tape (3M, Maplewood, MN,
USA). The dechorionated embryos were put onto the apple juice agar square upside-down.
A Nunc R© glass bottom petri dish (ThermoScientific) whose glass slide was covered with
dried heptane glue was gently touched to the embryos on the apple juice agar square.
The embryos attached to the glass slide were then covered with dH20 and imaged using a
Zeiss N-Achroplan 20x 0.5 W immersion objective on a Zeiss LSM 780 NLO confocal laser
scanning microscope (Carl Zeiss AG).
6.6.4.8 Embedding of embryos for semi-thin sectioning
Embryos fixed with osmium were embedded in Durcopan. They were cut into sections
with a thickness of 2 µm and mounted on a glass slide. The sections were then stained
with a toluidinblue/ methyleneblue/ borate solution for 10 minutes at 65 ◦C. Sections were
imaged using brightfield microscopy on a Zeiss Axio Imager 2 (Carl Zeiss AG).
6.6.4.9 Cuticle preparation from hatched and unhatched Drosophila larvae
In order to quickly assess the overall morphology of Drosophila embryos and L1 larvae,
cuticle preparations were carried out. Adult flies were allowed to mate and lay eggs for a
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short amount of time in the morning, i.e. for one or two hours. The apple juice agar plates
with the eggs were then incubated at 29 ◦C. If necessary, heterozygote embryos carrying a
balancer chromosome, discernible by the fluorescent proteins expressed by marker genes on
the balancer chromosomes, were picked from the plates and discarded after about 8 hours
of incubation. The same was done after an additional incubation time of 14 - 16 hours.
Altogether, the eggs were allowed to develop for 36 hours to make sure that all larvae
could hatch. All eggs and larvae were collected from the plate and a dechorionation step
was carried out. Finally, all embryos and larvae were mounted in Hoyer’s medium (Cold
Spring Harbor Protocols, 2011b) on 76×26×1mm glass slides. The mounted specimens
were covered with glass coverslips that had a thickness of 112 , and incubated at 65
◦C
overnight. On the next day, the slides were sealed with clear nail polish and subsequently
imaged using darkfield microscopy on a Zeiss Axio Imager 2.
Hoyer’s medium
15 g gum arabic
25 ml dH2O
100 g chloral hydrate
10 g glycerol
Dissolve gum arabic in water heated to 60 ◦C in a fume hood, stir overnight. Add
chloral hydrate, let dissolve. Add glycerol. Centrifuge for 30 minutes at 10,000 g, then
filter through glass wool. Before use, dilute with 10 % - 15 % H2O and centrifuge for ten
minutes at maximum speed in a table-top centrifuge.
6.6.4.10 Preparation and staining of ovarian follicles from Drosophila females
To assess the morphology of egg chambers of Drosophila melanogaster , five to ten virgin
females were put into a food vial with some yeast powder. The females were incubated
for 36 - 48 hours and subsequently, the ovaries were dissected. For this, the females were
anesthesized and their abdomen sliced open with one tip of a pair of sharp forceps. The
ovaries were pushed out of this opening, cleaned of all other organs and the ovarioles were
separated with a thin dissection needle. The ovaries were fixed with 4 % PFA in ice-cold
PBS pH7.2 for 20 minutes. After fixation, several washing steps were carried out: twice for
five minutes with PBS pH7.2, three times for 15 minutes with PBST pH7.2 (PBS pH7.2
with 0.5 % Triton X-100) and three times for 20 minutes in blocking solution (PBST pH7.2
with 5 % BSA).
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Ovaries were stained with Phalloidin-Alexa488 diluted 1:100 in PBST pH7.2 for one hour
at room temperature. They were washed three more times for 20 minutes in PBST. During
the second washing step, they were incubated with DAPI diluted 1:2,000 (stock solution:
4 mg/ ml). Egg chambers were mounted in prolongGold (invitrogen) on a 76x26x1 mm
microscopy glass slide (Marienfeld) and covered with a 22 mm × 22 mm cover slip with a
thickness of 0.17 +/- 0.005 mm (Menzel-Gläser). During the mounting process, large egg
chambers with very mature eggs were discarded and ovarioles were seperated as much as
possible. The specimens were imaged with a Zeiss LSM 780 NLO confocal laser scanning
microscope using a Zeiss C-Apochromat 40x 1.2 W objective (Carl Zeiss AG).
PBS pH7.2 for ovaries
68.4 mM NaCl
8.2 mM KH2PO4
28 mM Na2HPO4 pH7.2
6.6.4.11 mRNA in situ hybridization of whole-mount Drosophila embryos
Embryos were collected and incubated to reach the desired developmental stage. They
were dechorionated and fixed with 4 % PFA, using embryo fixation buffer (see below).
Hybridization of the DIG-labeled RNA probes to the transcripts in the fixed embryo and
subsequent probe detection was carried out as described in Tautz (2000). After washing
the embryos first in methanol and then in PBST (1×PBS with 0.02 % Tween 20) after
fixation, a postfixation step was carried out with 4 % PFA in PBST. Hybridization was
carried out at 65 ◦C overnight. Both the binding (antisense) and non-binding (sense) probe
were used for hybridization in separate experiments. The non-binding probe served as a
negative control.
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